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APPELLANTS' REPLY BRIEF UNDER 37 C.F.R. §41.41 

This reply brief is filed pursuant to 37 C.F.R. § 41.41 in response to Examiner's 
Answer mailed March 24, 2008. The brief is timely filed inasmuch as the two month 
deadline for filing the reply brief fell on a Saturday of Memorial Day weekend and the next 
business day was Tuesday, May 27, 2008. The Commissioner is authorized to charge any 
requisite fees that should be submitted herewith to Deposit Account No. 13-2855 under 
reference no. 28385/35415. 
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I. 



STATUS OF CLAIMS 



Claims canceled: 
Claims pending: 
Claims withdrawn: 
Claims rejected: 
Claims on appeal: 



claims 1-33 and 43-44 
claims 34-42, 45 and 46 
none 

claims 34-42, 45 and 46 
claims 34-42, 45 and 46 
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GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

A. Rejection of claim 46 under 35 U.S.C. §1 12, first paragraph, for new 
matter. There are no art rejections for claim 46. 

B. Rejection of claims 34-42 and 45 under 35 U.S.C. §103 for obviousness. 



t 
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III. ARGUMENT 

35 U.S>C. §103 Obviousness Rejection for Claims 34-42 and 45 

The following reply is made in response to two issues raised in the Examiner's 

answer. 

(A) Evidence already of record refutes the Examiner's assertion that the unexpected 
results are not commensurate in scope with the claims because the application only shows the 
benefit of uridine. Appellants previously supplied evidence showing that (1) other 
pyrimidine compounds, such as orotic acid and triacetyluridine, are capable of supplying 
uridine, and (2) other pyrimidine compounds, such as orotic acid, reduce the toxicity of 
leflunomide administration in vivo. Thus, the Examiner is incorrect in suggesting that 
Appellants' evidence is limited to uridine. 

(B) The Examiner failed to provide logical scientific reasoning to support his 
assertion that any compound containing a pyrimidine moiety will enhance serum levels of 
uridine, cytidine or thymidine, hi particular, his unsupported assertion that anti-viral 
nucleoside analogs will act to enhance serum levels of the naturally occurring pyrimidine 
nucleotides uridine, cytidine or thymidine, is completely contrary to the mechanism of action 
of these drugs. The basis for their anti-viral activity is their ability to act unlike natural 
nucleosides or nucleotides and thereby inhibit an enzjone responsible for DNA synthesis. 
Therefore the activity of the anti -viral nucleoside analogs is the opposite of providing 
naturally occurring pyrimidine nucleotides. The Examiner cannot use this defective scientific 
reasoning to shifl the burden to Appellants to prove that nucleoside analogs do not enhance 
serum levels of uridine, cytidine or thymidine. 

A* The Evidence of Unexpected Results is Not Limited to Uridine and is 
Commensurate in Scope with the Claims 

The Examiner persists in rejecting Appellants' evidence of unexpected results to 
refute the 35 U.S.C. §103 obviousness rejection for claims 34-42 and 45. The Examiner 
asserts that "The claims read on any pyrimidine compounds, while the application merely 
shows the benefit of uridine (example 2), not all of its derivatives as herein claimed. 
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Therefore, the claims are not commensurate in scope with the evidence on the record." (See 
Examiner's Answer mailed March 24, 2008 paragraph 13). 

An inspection of the record will reveal that the Examiner is mistaken. Appellants 
have, in fact, previously submitted evidence that other pyrimidine compounds such as uridine 
derivatives can raise uridine levels and reduce the toxicity of ieflunomide administration in 

vivo. 

1, Triacetyluridine raises uridine levels 

Appellants previously provided evidence that another pyrimidine compound, 
triacetyluridine, can supply uridine and thereby enhance semm levels of uridine. In 
Appellant's October 12, 2007 Response to the Office Action mailed July 26, 2007 at page 4 
paragraph 3, Appellants stated: 

See, e.g., Ashour et al., Biochemical Pharmacol., 51;12:1601-161 1 (1996), 
supplied herewith. The 2\ 3\ 5 '-tri~0~acetyluridine (TAU) prodrug 
referenced in Ashour et al. has been shown in human clinical trials to deliver 
uridine. See, e.g., Kelsen et al., J. Clin. Oncol. , 15:1511-1517 (1997) (Figure 
1 of Hidalgo et al, J. Clin. Oncol 18:167-177 (2000) shows that PN401 is 2', 
3', 5'-tri-0-acetyluridine), also supplied herewith. [Emphasis added.] 

A copy of Ashour et al.. Biochemical Pharmacol.., 51;12:1601-161 1 (1996) is 
supplied herewith [Appendix B-5 1 ] . A copy of Kelsen et al. , J. Clin. Oncol. , 15:1511-1517 
(1997) is supplied herewith [Appendix B-72]. A copy of Hidalgo et al,, J. Clin. Oncol. 
18:167-177 (2000) is supplied herewith [Appendix B-62]. 

2. Orotic acid raises uridine levels 

Appellants previously provided evidence that another pyrimidine compound, orotic 
acid, also reduces the toxic side effects of Ieflunomide in vivo. See Appellants' December 7, 
2006 Response to the Final Office Action mailed November 16, 2006 at page 9 paragraph 3, 

A copy of Williams, WO 2006/014827, was supplied with Appellants' Brief 
[Appendix B-26]. Examples 2 and 3 of this document show that co-administration of orotic 
acid with Ieflunomide reduced anemia and increased weight gain. 
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5. Other evidence confirming unexpected results 

Appellants also previously provided evidence confirming that uridine unexpectedly 
reduces the toxic side effects of leflunomide in vivo. See Appellant's December 7, 2006 
Response to the Final Office Action mailed November 16, 2006, at page 9 paragraph 2. 

A copy of Chong et al.. Transplantation^ 1999 Jul 15;68(1): 100-9, was supplied v^ith 
Appellants' Brief [Appendix B-4]. The abstract of this document states that: 

Toxicities associated with high-does leflunomide (35 mg/kg/day) were 
anemia, diarrhea, and pathological changes in the small bowel and liver. These 
toxicities were significantly reduced by uridine co-administration, [Emphasis 
added.] 

4. The evidence is commensurate with the claims 

The evidence shows that the unexpected benefits, reduction of leflunomide toxicity, 
arise firom the restoration of normal levels of naturally occurring pyrimidine nucleotides, and 
thus the unexpected benefits are commensurate in scope with the claims, which recite 
administration of a pyrimidine compound that increases levels of uridine, cytidine or 
thjoTiidine. Uridine, cytidine and thymidine are the naturally occurring pyrimidine 
nucleotides that are used as "building blocks" for DNA or RNA, see paragraph 8 of Atwood 
Declaration [Appendix B-2]. 

The toxicity of leflunomide is due to inhibition of pyrimidine nucleotide synthesis, 
which leads to an inadequate level of the pyrimidine nucleotides needed to supply rapidly 
proliferating cells. However, as shown in the examples. Applicants discovered that inhibition 
of pyrimidine nucleotide synthesis was not necessary for anti-viral activity, and that restoring 
normal pyrimidine nucleotide levels with pyrimidine compounds did not interfere with the 
anti-viral activity of leflunomide product. In fact, utilizing the claimed methods safely 
permits a higher dose of leflunomide product to be administered, with correspondingly 
greater anti-viral effect. 

The record clearly shows that Appellant has provided evidence of unexpected results 
not only for uridine (Example 2) but also for other pyrimidine compounds such as orotic acid 
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and triacetyluridine. Therefore, the Examiner's continued dismissal of Appellant's evidence 
regarding unexpected results to refute 35 U.S.C. §103 obviousness rejections is improper. 

B* Defective Scientific Reasoning Cannot Be Used to Shift the Burden to 
Appellants 

To support the 35 U.S.C. §103 obviousness rejection for claims 34-42 and 45, the 
Examiner asserts that "All pyrimidine compounds on the record have a pyrimidine moiety, 
and would have been reasonably expected to add an intermediate in pathways for supplying 
pyrimidine nucleotide." Therefore, the Examiner concludes, "The burden [is] on appellants to 
produce evidence showing the pyrimidine compounds cited in the references actually do not 
possessing [sic] the property as claimed." (See Examiner's Answer 3/24/08 paragraph 12). 

The Examiner provided no evidence or scientific reasoning to support his assertion 
that any compound comprising a pyrimidine moiety would have been reasonably expected to 
supply uridine, cytidine or thymidine. The Examiner also provided no evidence or scientific 
reasoning that would support an assertion that the anti-viral nucleoside analogs disclosed in 
the cited references meet the express limitation in the claims that the pyrimidine compounds 
enhance semm levels of uridine, cytidine or thymidine. In fact. Appellants' evidence of 
record shows that the Examiner's assertions are defective and not rational. 

The Examiner cited In re Fitzgerald^ 619 F.2d 67, 70 (CCPA 1980) in support of his 
conclusion that the burden should be shifted to Appellants to show that the anti-viral 
nucleoside analogs do not enhance semm levels of these natural pyrimidine nucleotides. 
However, the Examiner's reliance on Fitzgerald and its predecessor cases. In re Besty 562 
F.2d 1252, 1255 (CCPA 1977) and In re Swinehart, 439 F.2d 210, 213 (CCPA 1971) is 
misplaced under these circumstances. See Ex parte Jurg Zimmerman^ 2003 WL 25277881 
(BPAI 2003) which states: 

We are mindful that there is a line of cases represented by In re Swinehart, 
439 F.2d 210, 169 USPQ 226 (CCPA 1971) which indicates that where an 
examiner has reason to believe that a functional limitation asserted to be 
critical for establishing novelty in the claimed subject matter may, in fact, be 
an inherent characteristic of the prior art, the examiner possesses the authority 
to require an applicant to prove that the subject matter shown to be in the prior 
art does not possess the characteristic relied on. Nevertheless, before an 
applicant can be put to this burdensome task, the examiner must provide 
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some evidence or scientific reasoning to establish the reasonableness of the 
examiner's belief that the functional limitation is an inherent characteristic 
of the prior art In the case before us, no such evidence or reasoning has been 
set forward. Id. at 1789. 

Ex parte Jurg Zimmerman at *4 quoting Ex parte Skinner^ 2 USPQ2d 1788 
(BPAI 1986) [Emphasis added]. 

In this case, the Examiner has provided no factual evidence or scientific reasoning to 
establish the reasonableness of his belief that the non-naturally occurring nucleoside analogs 
disclosed in the prior art could enhance semm levels of uridine, cytidine, or thymidine. On 
the contrary. Appellants have provided evidence and scientific reasoning that supports the 
opposite conclusion, i.e., that the reduction in toxicity with the claimed method occurs 
because the supply of naturally occurring pyrimidine nucleotides is increased, an effect that 
would not be expected from administering non-naturally occurring nucleoside analogs. 

Appellants provided expert evidence that uridine, cytidine and thymidine are naturally 
occurring "building blocks" for DNA or RNA, and that compounds that supply these 
nucleosides would not be expected to have an anti -viral effect. See paragraph 8 of the 
Atwood Declaration [Appendix B-2] . Moreover, Appellants provided expert evidence that 
"the definition of pyrimidine compound [as a compound that increases naturally occurring 
nucleotide levels] excludes pyrimidine compounds with anti-viral activity." See paragraph 
10 of the Atwood Declaration [Appendix B-2]; emphasis added. 

The nucleoside analogs disclosed in the cited references exert their anti-viral effect 
precisely because they are non-natural analogs. Anti-viral nucleoside analogs inhibit the 
activity of reverse transcriptase, thereby inhibiting viral DNA synthesis. Thus, the basis for 
their anti-retroviral activity is their ability to act unlike natural nucleosides. The activity of 
the anti-viral nucleoside analogs is therefore the opposite of providing naturally occurring 
pyrimidine nucleotides. These analogs do not enhance serum levels of uridine, cytidine or 
thymidine and actually teach away from treating viral infection with a pyrimidine compound 
that supplies naturally occurring nucleotides such as uridine, cytidine or thymidine. 

Thus, the only evidence of record, i.e., that pyrimidine compounds that enhance 
serum levels of uridine, cytidine and thymidine exclude pyrimidine compounds with anti- 
viral activity, supports Appellants' position and contradicts the Examiner's position that the 
nucleoside analogs in the cited references supply uridine, cytidine or thymidine. Because the 
Examiner has not met his requisite burden under Zimmerman and Skinner for invoking 



Page 9 of 10 
Serial No: 09/529,053 



Fitzgerald^ it was improper for the Examiner to shift the burden to Appellants to show that 
the pyrimidine compounds cited in the references actually do not enhance serum levels of 
uridine, cytidine or thymidine. 

Thus, the cited art's disclosure of nucleoside analogs teaches nothing with respect to 
administering pyrimidine compounds that enhance serum levels of uridine, cytidine or 
thymidine to a person suffering from viral infection according to claim 34. Moreover, the 
pyrimidine compounds recited in the claim are performing a toxicity-reducing function that is 
unexpected and entirely different from the anti-viral function assertedly disclosed by the cited 
art. These results thus represent an improvement that is "more than the predictable use of 
prior art elements according to their established functions." KSR, 127 S. Ct. at 1740. For 
these reasons, among others explained in detail in the present reply brief and Appellants 
appeal brief, the obviousness rejection should be reversed. 

C Conclusion 

The Examiner's legal and factual errors thus necessitate reversal of all obviousness 
rejections and return of this case to the Examiner for appropriate allowance of the claims. 
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DECLARATION OF WALTER ATWOOD, Ph.D. 




Commissioner for Patents 
P.O. Box 1450 

Alexandria, Virginia 22313-1450 
Dear Sir: 



1, Walter Atwood, Ph.D., hereby declare as follows: 



1. 



1 am currently a Professor of Medical Science at .Brown University. I received a B.S. 
in Microbiology fiom the University of Massachusetts at Amherst in 1986 and a Ph.D. 
in Neurovirology from the University of Massachusetts at Amherst in 1991. 1 am the 
author or co-author of numerous peer-reviewed journal articles and book chapters in 
the field of virology. 



2. 



I have reviewed the text of U.S. patent appHcation no. 09/529,053, attached hereto as 
Exhibit 1 . 



3. I have reviewed a copy of claim 34 attached hereto as Exhibit 2, which relates to a 
method of treating viral infection by co-administering a leflunomide product and a 
pyrimidine compound without antiviral activity. 

4. 1 undei'stand that the Examiner has objected to the recitation of a pyrimidine 
compound '^vithout antiviral activity"' in claim 34 because he believes that the 
application does not describe the txse of pyrimidine compounds without antiviral 
activity. I make these statements to address the Examiner's objection, 

5. My experience and education permit me to be familiar with what one of ordinary skill 
in the art would have understood upon reading the application at its March 1 1 ,1998 
priority date. 

6. The application describes the anti -viral effects of leflunomide product and fUrther 
describes methods of treating viral infection with leflunomide product. The 
application also states at page 14, lines 1-6 that: 
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According to another aspect of the invention, a Icflunomide 
product is co-administered with a pyrimidine, such as uridine, in 
order to reduce its toxicity while maintaining its therapeutic 
effectiveness. It is contemplated that co-administi'ation with a 
pyrimidine may allow administration of an anti-viral 
therapeutically effective amount of Icflunomide product with 
reduced immunosuppressive or toxic side effects. 



7. One of ordinary skill in the art as of March 11, 1998 would have understood, from 
reading the language quoted in paragraph 6, that the inventor(s) contemplated 
administration of a pyrimidine compound to reduce the toxicity of the leflunomide 
products not for any anti-viral effect In other words, it is the leflunomide product, 
not the pyrimidine compound, that would have anti-viral activity. 

8. The definition of pyrimidine compound confirms that the contemplated pyrimidine 
compounds would not have anti-viral activity, A pyrimidine compound is defined at 
page 20, lines 1 2-14 of the application as '^compounds useful either directly or as 
intermediates in pathways for supplying pyrimidine nucleotides (uridine, cytidine and 
thymidine)," Uridine, cytidine and thymidine are naturally occurring nucleosides, 
which are used as a **building block" for DNA or RNA, and which have no anti-viral 
effect. Thus, compounds that supply these nucleosides would not be expected to have 
an anti- viral effect. 

9. The fact that uridine, an exemplary pyrimidine compound, has no anti-viral activity is 
confirmed in Example 2, Figure 2, which shows that uridine [Ur] alone has no effect 
on the production of infectious virus. In contrast, the leflunomide product A771 726 
alone [A77], or A771726 plus uridine [A77+Ur], inhibited infectious virus production, 

10. It is clear, from reading the application, that the pyrimidine compounds to be co- 
adniinistered with leflunoniide product were not intended to have antiviral activity. I 
base my conclusion on the facts that (a) the stated purpose of the pyrimidine 
compound was to reduce toxicity of the leflunomide product, not for an anti-viral 
effect, and (b) the definition of pyrimidine compound excludes pyrimidine 
compounds with anti-viral activity. 

1 1. Therefore* one of ordinary skill in the art as of March 1 1, 1998, upon reading the 
application, would have understood that the inventors were claiming the 
administration of pyrimidine compomids without antiviral activity. 

12. I further declare that all statements made herein of my own knowledge are true, that 
ail statements made on information and belief are believed to be true, and that these 
statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or botli (18 U.S.C. § 1001), and may 
jeopardize the validity of the application ck any imtcnt issuing thereon. 
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Background, Lefluiioraide is an experimental drug 
with demonstrated ability to prevent and reverse 
acute allograft and xenogi^aft rejection. The two bio- 
chemical activities reported for the active metabolite 
of leflunomide, A77 1726, are inhibition of tyrosine 
phosphorylation and inhibition of dihydroorotate de- 
hydrogenase, an enzyme necessary for de novo pyrim- 
idine synthesis. These activities can be distinctly sep- 

' Section of Transplantation, Department of General Siu'gery. 

" Department of Immimology/Micro biology. 

^ Department of Pediatrics. 
Address correspondence to: Dr. Anita Chong, Section of Tran.s- 
plantation, Department of General Surgery, Rush-Presbyterian-St, 
Luke's Medical Center. 1653 Congress Parkway, Chicago, Illinois 
60612. E-mail: achong^i'ush.edu. 



ai'ated in vitro by the use of uridine, which reverses 
the anti-proliferative effects of A77 1726 caused by 
inhibition of de novo pyrimidine synthesis. We report 
the effect of uridine on the in vivo immunosuppressive 
activities of leflunomide. 

Methods. We first quantified the seinim levels of A77 
1726, the active metabolite of leflunomide, after a sin- 
gle treatment of leflunomide (5, 15, and 35 mg/kg). 
Additionally, we quantified the levels of serum uridine 
and of nucleotide triphosphates in the liver, spleen, 
and lymph nodes of Lewis rats after the administra- 
tion of a single dose of uridine (500 mg/kg; i.p.). Lewis 
rats heterotopically transplanted with brown Norway 
or Golden Syrian hamster hearts were treated for 50 
or 75 days with leflunomide (5, 15, and 35 rag/kg/day; 
gavage) alone or in combination with uridine (500 mg/ 
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kg/day; i.p.). Hematocrits were determined and the 
levels of alloreactive or xenoreactive immunoglobulin 
(Ig)M and IgG were determined by flow cytometric 
analysis. The allograft and xenografts, small bowel, 
liver, kidney, and spleen were subjected to pathologi- 
cal examination. 

Results, A linear relationship was observed between 
the serum All 1726 concentrations in Lewis rats and 
the dose of leflunomide administered. Peak All 1726 
concentrations were 20.9, 71.8 and 129.3 mg^ (77.5, 
266.1 and 478.8 ^M) for the 5, 15, and 35 mg^g doses of 
leflunomide, respectively. The concentration of uri- 
dine in the serum of normal Lewis rats is 6.5 /iM; after 
i.p, administration of 500 mg/kg uridine, the serum 
uridine concentrations peaked at 384*1 /xM in 15^0 
min. The rapid elimination of uridine was not re- 
flected in the lymphoid compartments, and the phar- 
macokinetics of pyrimidine nucleotides in the spleen 
resembled that of A77 1726. This dose of uridine, when 
administered daily (500 mg/kg/day, i.p.), weakly antag- 
onized the immunosuppressive activities of lefluno- 
mide (5, 15, and 35 mg/kg/day) in the allotransplanta- 
tion model. In contrast, in the xenotransplantation 
model, the same concentration of uridine completely 
antagonized the immunosuppressive activities of low- 
dose leflunomide (15 mg/kg/day) and partially antago- 
nized the immunosuppressive activities of high-dose 
leflunomide (35 mg/kg/day). Toxicities associated with 
high-dose leflunomide (35 mg/kg/day) were anemia, di- 
arrhea, and pathological changes in the smaU bowel 
and liver. These toxicities were significantly reduced 
by uridine co-administration. 

Conclusion, These studies reveal that the blood lev- 
els of A77 1726 in Lewis rats satisfy in vitro require- 
ments for both inhibition of de novo pyrimidine syn- 
thesis and protein tyrosine kinase activity. Our data 
also illustrate that the in vivo mechanism of immuno- 
suppression by leflunomide is complex and is affected 
by at least the following four factors: type and vigor of 
the immune response, availability of uridine for sal- 
vage by proliferating lymphocytes, species being in- 
vestigated, and concentration of serum A77 1726. 

Leflunomide [N-(trifluoromethylphenyl)-niethylisoxazol-4- 
carboxamide; HWA 486 or SUlOl] is an experimental immu- 
nosuppressive drug with demonstrated ability to prevent and 
reverse acute allograft and xenograft rejection (reviewed in 
(i)). Leflunomide is rapidly converted in vivo to the active 
metabolite, A77 1726. The two biochemical activities as- 
cribed to A77 1726 are inhibition of protein tyrosine kinases 
and of dihyroo rotate dehydrogenase (DHO-DHase*), a key 
enzyme in the de novo synthesis of pyrimidine nucleotides 
(2-6*). The significantly lower IC50 required in vitro to inhibit 
DHO-DHase relative to tyrosine kinases has led many re- 
searchers in this field to suggest that the in vivo antiprolif- 
erative and immunosuppressive activities of leflunomide, 
and its active metabolite, A77 1726, result from the inhibi- 
tion of the enzymatic activity of DHO-DHase (1). 

Several lines of evidence suggest that this hypothesis may 
not be supported in vivo. First, the serum uridine in human 
and rodents (5-15 /xM (7, 8)) could be converted to pyrimidine 

Abbreviations used: DHO-DHase, dihydroorotate dehydi'oge- 
nase; Ig, immunoglobulin; HPLC, high-perfonnaiice liquid chroma- 
tography; Ka, rate of absorption; Ke, rate of excretion; PCV, packed 
cell volume. 



nucleotides by the salvage pathway, resulting in a normal- 
ization of intracellular pyiimidine nucleotide levels, despite 
inhibition ofc/e novo pyrimidine synthesis. Second, when A77 
1726 is used in vitro at concentrations >50 /xM, the anti- 
proliferative activity on T cells and B cells could no longer be 
completely reversed by the addition of exogenous uridine, 
suggesting a second mode of activity at these concentrations 
that is independent of pyrimidine depletion (9, 10). Third, 
patients with a genetic defect in de novo pja-imidine synthe- 
sis, hereditary orotic aciduria, do not have undue suscepti- 
bility to infection, indicating that they are not significantly 
immunoauppressed (reviewed in ill)). In vitro cellular im- 
mune defects have been reported in some of these patients; 
however, these immune defects can be attributed to lym- 
phopenia arising from a generalized defect in heraatopoiesis, 
rather than to an intrinsic inability of T cells to proliferate in 
response to antigen stimulation {12, 13). 

These observations prompted us to examine whether the 
immunosuppressive activities of leflunomide in rats and mice 
are mediated by the inhibition of de novo pyrimidine synthe- 
sis. In vitro studies suggest that the effects of A77 1726 that 
are caused by inhibition of de novo pyrimidine synthesis can 
be reversed with uridine. Using a similar approach, we report 
the effects of uridine on the in vivo immunosuppressive ac- 
tivities and toxic side effects of leflunomide in mice and rats. 

MATERIALS AND METHODS 

Extraction and quantitation ofA77 1726 from serum. For .single- 
dose pharmacokinetics, Lewis rats not receiving transplants were 
treated with a single dose of 5, 15, or 35 mg/kg/day Icflunojnide by 
gavage. Serum was collected at the indicated times and stored at 
10°C befoi'e extraction. Serum, 50 ^,1, was mixed with 25 ^ 4'- 
(trifluorometliylo.\y)-acetaniiide (TFMO; Sigma, St. Louis, MO), 200 
pil 0.5 M HCl, and 4 ml extraction solvent (1:1 pentane and dichlo- 
rorae thane; Sigma). The mixtui*e was vortexcd for 1 hr, then centri- 
fuged at 2000 g lor 5 min (Centra-8, lEC, Needham Heights, MA). 
After freezing the mixture for 1 hi* at -20*'C, the organic phase was 
decanted into a new tube and diied under a hood at room tempera- 
ture. Then 200 /il of reconstituting solution (1:1 acetonitrile and 
water) was added, and the mixture was vortexed and centrifuged at 
2000 g for 2 min. Finally, 65 of the mixture was analyzed by 
high-performance liquid chromatography (HPLC) (Waters, Milford, 
MA), using a Symmetry C18 column (4.6 X 250 mm; Waters). A77 
1726 was .separated with a mobile phase composed of 50% acetoni- 
trile and 50% buffer (25 niM KHUPO4). The corresponding peak of 
A77 1726 was compared with a standard of purified A77 1726 (a gift 
from Robert R. Bartlett, Hoechst Marlon Roussel, Wiesbaden, Ger- 
many), and the concentrations were calculated on the basis of a 
standard curve of purified A77 1 726. 

Extraction and quantitation of uriditie from scrum. For single- 
dose pharmacokinetics, Lewis ratn not receiving transplants were 
treated with a single dose of uridine. Serum was collected at the 
indicated times and stored at 70*'C before extraction. Serum samples 
were diluted two fold in 0.9% NaCl, and uridine was extracted by the 
addition of an equal volume of 0.8 M trichloric acid and then neu- 
tralized with an equal volume of 0.5 M tri-n-octylamine in Freon. 
Serum uridine was detected by HPLC, using a Lichrosorb-lORP-18 
column (Whatman, Alltech, Deerfield, IL) and an elution solution (5 
mM KH2PO4, pH 3.8), at a flow of 1 ml/min. The uridine peak was 
identified by its retention time and spectrum compared with a uri- 
dine standard (Sigma). Uridine concentrations were calculated on 
the basis of a standard curve. 

Extraction and quantitation, of nucleotide tripho.tphat.e from ti.?- 
sues. For single-dose pharmacokinetic analysis, normal Lewis rats 
were treated with a single dose of uridine. The spleen, lymph nodes, 
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and liver (100 mg tissue) were homogenized and nucleotide triphos- 
phates were extracted with 0.4 M trichloric acid and neutralized 
with an equal volume of 0.5 M tri-n-octylamine in Freon 113, as 
previously described (9, 14). Nucleotides were separated using a 
Whatman anion exchange column (Parti cil 10 SAX, All tech) and a 
linear gradient elution of potassium phosphate buffer, pH 4.5 (10- 
500 mM). The corresponding peaks of four nucleotides were detected 
by HPLC (Waters), and the concentrations were calculated on the 
basis of a standard curve of puriHed nucleotides (Sigma). 

Pharmacokinetic and statistical analysis. The pharmacuidnetic 
analysis of serum A77 1726, uridine, and tissue UTP levels were 
conducted using a nonlinear regression analysis with a Gaussian 
algorithm. The time-concentration data were fitted to the open, 
one-compartment, extravascular model: 

C'(exp( -K,* t)- exp( - Vt)) 

where Ct, C*, K^, and t are the serum concentration at time t, the 
theoretical initial concentration, the excretion constant, the absorp- 
tion constant, and the time after drug administration. The best fit 
values for C**, K^, and IC^ were used to calculate the terminal half-life 
(Tiya) using the formula: Ti/2=0.693/K^. The area under the cur\'e 
was calculated using the trapezoidal method. Statistical differences 
between pharmacokinetic parameters were analyzed using a t test or 
analysis of vai'iance. 

Transplantation model and drug treatment Lewis or brown Nor- 
way rats, and Golden Syrian hamsters were pmrchased from Harlan 
Labs (Indianapolis, IN). Balh/c and C3H mice were purchased from 
Jackson Labs (Bar Harbour, ME). Heart grafts were heterotopicaily 
transplanted into the abdomen of the recipients ailer a modified 
protocol described by Quo et at. (15). Leflunomide (5-35 mg/lcg/day, 
custom syi'ithesized for research purposes) was suspended in 1% 
carboxy methyl cellulose and administered by gavage. Uridine (Sig- 
ma) was dissolved in 0.9% NaCl for daily i.p. injections. The trans- 
planted hearts were monitored daily, and rejection was defined as 
the complete cessation of pulsations in the transplanted heart. 

Packed cell volume. Rats were bled evei7 2 weeks or on the day 
they were killed, through the orbital vein, using a microhematocrit 
capillary tube (Baxter, Deerfield, IL). The blood was centrifuged for 
15 mins at 550 g, and the percentage of packed cell volumes was 
determined with a micro-hematocrit capillary tube reader (Crito- 
caps, Oxford Lab). 

Quantification of allo-speciflc and hamster -specific IgM and IgG 
titers. Quantification of allo-specific or hamster-specific antibodies 
was performed, as previously described (J6, 17). Lymphocytes (5 X 
10^) from lymph nodes isolated from brown Norway rats or erythro- 
cytes (10®) from Golden Syrian hamster were incubated with diluted, 
heat-inactivated test serum or control naive Lewis rat serum (1:20 
dilution) for 30 rain at 4*0. Lymphocytes were washed with phos- 
phate-buffered saline, and erythrocytes were washed in 4% (weight/ 
volume) sodium citrate/phosphate-buffered saline. The cells were 
then stained with phycoerythrin-conjugated F(ab')2 anti-rat immu- 
noglobulin (Ig)M or fluorescein isothiocyanate-conjugated F(ab')2 
anti-rat IgG (Jackson ImmunoResearch, West Grove, PA). After 
staining, the erythrocytes and lymphocytes were washed, fixed in 1% 



formalin, and analyzed using a flow cytomcter (Ortho Cytoron Ab- 
solute, Ortho Diagnostic Systems, Raritan, NJ). 

Histology and immunohistocliemistjy. Sections of the spleen, 
liver, kidney, and small bowel were collected, imbedded in frozen 
tissue matrix CO. C.T. compound (Sakura Finetek U.S.A., Torrance, 
CA), and snap-frozen in liquid nitrogen. Sections of these tissues, 5 
/im, were made and fixed in 10% formalin. These sections were then 
stained in hematoxylin and eosin solution.?. Allografts were scored 
according to a modified cardiac biopsy grading by Billingham et al. 
(18). Grade 0 (no acute rejection) indicates no evidence of acute 
rejection or myocyte damage; Grade lA (focal, mild acute rejection) 
indicates focal, perivascular, or interstitial infiltrate of mononuclear 
cells with no myocyte damage; Grade IB (diffuse, mild, acute rejec- 
tion) indicates a more diffuse, perivascular or interstitial infiltrate of 
mononuclear cells with no myocyte damage; Grade 2 (focal, moderate 
acute rejection) indicates a few focal aggressive inflammatory infil- 
trate with focal myocyte damage; Grade 3 A indicates multifocal 
aggressive inflammatory infiltrate with myocyte damage; Grade 3B 
indicates diffuse aggressive inflammatory infiltrate with myocyte 
necrosis; and Grade 4 indicates diffuse aggressive inflammatory 
infiltrate with myocyte necrosis, hemoiThage, edema, and vasculitis. 
Sections for immunohistochemical analysis were fixed in cold ace- 
tone and stained with monoclonal antibodies against rat IgM, IgG, 
TCRa^, and EDI, using a modified ABC method, as previously 
described {16, 19). 

RESULTS 

Single dose pharmacokinetics ofA77 1726. Lewis rats re- 
ceived by gavage thi^ee difTerent doses of leflunomide (5, 15, 
35 mg/kg). Sera were hai'vested from 4-6 individual rats at 
the indicated times, and the active metabolite of leflunomide, 
A77 1726, in the serum was extracted and quantified by 
HPLC. Increasing concentrations of leflunomide resulted in a 
dose-dependent increase in A77 1726 in the serum (Fig. lA). 
A linear relationship was observed between the peak concen- 
trations and the area under the curve, and the dose of A77 
1726 administered (Fig. IB). The A77 1726 peak concentra- 
tions were 20.9, 71.8, and 129.3 mg/i (77.5, 266.1. and 478.8 
pM) for the 5, 15, and 35 mg/kg doses of leflunomide, respec- 
tively (Fig. lA). These peak concentrations were observed at 
6-8 hr (Fig. lA), and the mean terminal half-life (T^/o) 
ranged from 3.5 to 5.0 hr, in'espective of the administered 
leflunomide dose (Table 1). The excretion constant (Ke) and 
absorption constant (Ka) were not statistically significant 
between treatment groups (P>0.05), and the excretion of A77 
1726 followed first-order kinetics even at highest dose (Table 
1). Similar analyses performed with Balb/c mice given a 
single, oral dose of leflunomide (35 mg/kg) revealed similar 
peak A77 1726 concentrations (140 mg/l=514 /xM) and Ka, 
compared with Lewis rats; however, the Ke, was significantly 
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Figure 1. (A) Pharmacokinetics of A77 
1726 alter a single, oral dose of leflunomide 
in Lewis rats. Serum was harvested at the 
indicated times, and A77 1726 conccntra- 
tionfi determined by HPLC. Data are pre- 
sented as mean concentrations of 4— G rats/ 
group, and bars represent SEM. (B) The 
relationship between the AUG (mg * h/L) 
and peak concentrations of A77 1726 (^M) 
and the dose of leflunomide administered. 
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Table 1. Pharmacokinetic parameters of serum A77 1726 following leflunomide administration 



Trcntment Ke (ml • min/kg) Ka (ml • min/ltg) Tl/2 (h) AUG (mg • h/L) 



Single-dose leflunomide treatment in Lewis rats 

5 mg/kg leflunomide 0,258i0.112 0.484:^-0.138 4.42i0.16 183.0±19.6 

15 mg/kg leflunomide 0.190r0.005 0.197±0.004 3.49±0.19 764,5±24.0 

35 mg/kg leflunomide ai50±0.023 0.204±0.046 4.97±0.77 2207.3±173-8 

Single-dose leflunomide treatment in Balb/c mice 

35 mg/kg leflunomide 0.073±a032 0,567±0.132 15.02±4.57 3446.5±973.3 



slower (P<0.05; Table 1) resulting in a longer terminal half 
live of serum A77 1726. 

Single dose uridine pharmacokinetics. In vitro and in vivo 
studies have indicated that uridine can be used to counter 
the effects resulting from the inhibition ofde novo pyrimidine 
synthesis (2-6, i4, 20). We measured the levels of serum 
uridine in Lewis rats before and after the administration of a 
single dose of uridine (500 mg/kg, i.p.). Consistent with pre- 
vious reports, the mean concentration of uridine in the serum 
of normal Lewis rats was 6.5±0.9 /xM (n = 13) (7). A single 
dose of uridine (500 mg/kg) administered i.p. resulted in a 
rapid increase in the concentrations of serum uridine. Max- 
imum concentrations were observed within 15-30 min and 
reached a peak concentration of 384.1 ±53.5 /xM. Serum uri- 
dine was rapidly cleared and returned to basehne 4 hr after 
uridine administration (Fig. 2A). 

Intracellular nucleotides following a single dose of uridine. 
We next determined whether the elevated concentrations of 
serum uridine resulted in increased intracellular pyi^imidine 
nucleotides in the spleen, lymph nodes, and liver, A cohort of 
26 Lewis rats were treated with a single dose of uridine (500 
nig/kg, i.p.). The rats were killed after 0, 1, 3, 6. 12, and 24 hr 
(n = 4-5 per group), and lymph nodes and appx*oximately 100 
mg of liver and spleen tissue hai'vested. The nucleotides were 
extracted from the tissues by trichloroacetic acid, and the 
concentrations of tissue UTP, OTP, ATP and GTP deter- 
mined by HPLC. The administration of uridine resulted in 
4.1-, 3.6-, 2.4-, and 1.5-fold increases in UTP, CTP, ATP, and 
GTP, respectively, in the spleen (Fig. 2B-D). The tissue nu- 
cleotide concentrations remained at these levels for up to 6 hr 
and gi'adually declined to baseline 24 hr after uridine admin- 
istration. The Ti/2 of tissue UTP in the spleen was 12.72 hr, 
with a Ka and Ke of 0.216 and 0.05 ml • min/kg, respectively. 
Statistical analysis indicated that the pharmacokinetics of 
UTP levels in the spleen after uridine administration was not 
significantly different (P>0.05) from the pharmacokinetics of 
A77 1726 after the administration of leflunomide. 

After uridine administration, the levels of UTP and CTP 
increased 4.9- and 2. 8- fold, respectively, in the liver tissue 
and 1.7- and 1.3-fold, respectively, in lymph node cells (Fig. 
2B-D). The levels of ATP and GTP were also elevated 3.1- 
and 2.9-fold, respectively, in the liver and 1.5- and 1.3-fold in 
the lymph node cells after uridine administration (data not 
shown). We do not have an explanation for the concomitant 
increase in ATP and CTP levels but speculate that it could 
reflect uridine-stimulated increases in metabolic activity in 
these tissues. 

Effect of uridine on the ability of leflunomide to control 
acute allograft rejection in Lewis rats. Brown Norway hearts 
transplanted into untreated Lewis rats were rejected in 6-8 
days. Treatment with 5 or 15 mg/kg/day of leflunomide re- 
sulted in the survival of the allografts for >50 days, whereas 
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Figure 2. Pharmacokinetics of uridine after a single, i.p,, dose of 
uridine (500 mg/kg) in Lewis rats. (A) Serum was harvested at the 
indicated times and serum uridine concentrations determined by 
HPLC. Data are presented as mean of 4-13 rats/group, and bars 
represent SEM. (B-D) Pharmacokinetics of pyrimidine and purine 
nucleotides in the spleen (B), liver (C) and lymph node (D) after a 
single, i.p., dose of uridine (500 mg/kg) iu Lewis rats. Lewis rats were 
killed at the indicated times (4-6 rats/group), and the nucleotides 
extracted following protocols described under Materials and Meth- 
ods. Data are presented as percentages of untreated controls, and 
bars represent SEM. The baseline concentrations of UTP, CTP, ATP, 
and GTP in the liver tissue were 92.0, 4.0, 357.7, 74.8 pg/mg; in the 
spleen tissue were 28.9, 21.0, 211.8, and 50.9 pg/mg, and in the 
lymph nodes tissues were 8.8, 7.3, 55.8, and 8.5 pM/20xl0® cells. 
I'espectively. 



treatment with 35 mg/kg/day resulted in the sacrifice of all 
Lewis recipients with beating allografts in <30 days after the 
transplant because of leflunomide-related toxicities. Uridine 
(500 mg/kg/day, i.p,) co-administration with leflunomide did 
not significantly alter allograft survival, and all the hearts 
were beating on day 50 in the Lewis recipients receiving 5 or 
15 mg/kg/day leflunomide plus uridine (Table 2). In the 35 
mg/kg/day leflunomide plus uridine group, the toxicity of 
leflunomide was significantly reduced and 4 of the 5 Lewis 
recipients were alive, with beating allogi-afts on day 50 after 
the transplant (Table 2). One of the Lewis recipients in this 
combination-treatment group died on day 39, with a beating 
allograft. 
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Table 2. Effect of uridine on the ability of leflunoniide to prevent the rejection of allograft (brown Norway) Jiearts by Lewis rats" 
Treatment Allograft survival (d) Muan (d) Histol(jj<ical scores 



None 
Lef (5) 

Lef (5)+Uridine 
Lef (15) 

Lef(15)-hUridine 
Lef (35) 

Lef (35)+Uridine 



>50 (X8) 
>50 (X8) 
>50 (X6) 
>50 (X6) 

>13, >26, >28, >29, >29 
>37, >50 (X4) 



6.9±0.2 

>60 

>50 

>50 

>50 
>25.0±3.0 
>47.4±2.6 



3A-3B (X8) 

2, 2, 2, 2, 3A. 3A. 3A, 3B 
2, 2, 2, 3A, 3A, 3B, 3B, 3B 
lA, lA. lA, lA, IB, 2 
lA, lA. IB, 2, 2, 2 
0, 0, 0, lA, lA 
0, lA, 1A» lA, lA 



" Uridine was administered i.p. at 500 mg/kg (nnce a day), whereaa leflunomide was administered orally at 5, 15, or 35 mg/kg daily for oO 
days. Sui-vival of leflunomidc-treated Lewis rats or grafts were calculated from the day of transplantation, and px*esented as mean±SE. 
Histological scores were determined when the rats were killed or at the end of the experiment (day 50 after the transplant). 

^ > indicates that Lewis rats died of leflunomide-induced toxicity with beating allografts, or were killed at the end of the experiment (day 
50 alter the transplant). 



6 





Diyi post-tiansplantation 



D2>^ port-tcaiispl20t:<tio)i 



T—— I— T— -r 
n 14 2R 42 56 70 

Days post-iroiuiplantarior) 



None — o— Ut (5) 
Lef(!5)rUrid --A— Lef (i5) 



Let (i) + Urid 
Uf (.35) + t;rid 



Lei (13) 



Figure 3. Levels of alloreactive TgM (A) and IgG (B) and xenoreac- 
tive IgM (C) in Lewis rats treated with lefliniomide (Lef 5, 15, or 35 
mg/kg/day) alone or in combination with uridine (Urid: 500 mg/kg/ 
day) at the indicated days alter the transplant. The relative amounts 
of alloreactive IgM and IgG and xenoreactive IgM were quantified by 
flow cytometric analysis, and data are presented as mean channel 
fluorescence (3 decade log scale)±SE. There were 3-6 rats per group. 



We have previously reported that allograft rejection in this 
model is accompanied by an increase in the titers of alloreac- 
tive IgM and IgG (Fig. 3A, B). We here confirm that lefluno- 
mide, in a dose-dependent manner, inhibited the increase in 
both IgM and IgG titers. Co-administration of uridine re- 
sulted in a modest increase in the titers of alloreactive IgM 
and IgG in Lewis rats receiving a 5 mg/kg/day dose of lefluno- 
mide but had minimal effects at the higher doses of lefluno- 
mide. 

On day 50 after the transplant, or at the time the rats were 
Idlled, the hearts were harvested and subjected to histologi- 
cal examination. Despite daily treatment with leflunomide (5 
mg/kg/day) for 50 days, the allografts demonstrated a mild to 
moderately intense inflammatory infiltrate and some myo- 
cyte necrosis (data not shown). Cellular rejection was signif- 
icantly reduced in allografts when the recipients were 
treated with a higher dose of leflunomide (15 mg/kg/day; Fig. 
4A, B) and there were no signs of rejection in the allografts 
harvested from Lewis rats receiving the highest dose of le- 
flunomide (35 mg/kg/day) at the time they were sacrificed 
(days 13-29 after the transplant; data not shown). In the 
group receiving uridine (500 jng/kg/day) and leflunomide (5, 
15, or 35 mg/kg/day), only slightly exacerbated cellular rejec- 
tion was observed in the allografts examined on day 50 after 
the transplant (Table 2, Fig. 4E, F). Some foci of infiltrating 
T cells and EDI macrophages were observed, and marginally 
increased deposition of IgM in the leflunomide plus uridine 
groups compared to that in the leflunomide (15 mg/kg/day) 



monotherapy groups (Fig. 4E, F). There was minimal depo- 
sition of IgG in the allografts from all leflunomide mono- 
therapy and leflimomide plus uridine groups (data not 
shown). 

Leflunomide induced a dose-dependent reduction in the 
lymphoid compartments in the spleens of Lewis rats trans- 
planted with Brown Norway hearts. The T lymphocyt.e zones 
of the peri arteriolar lymphocyte sheath and the B cell zones, 
located in the follicles, marginal zones, and red pulp (espe- 
cially around the pulp arterioles) were significantly reduced 
by leflunomide (15 mg/kg/day; Fig. 4C, D). Uridine com- 
pletely reversed the effects of leflunomide on the lymphoid 
compartments in the spleen (Fig. 4G, H), suggesting that, 
although uridine is able to reverse the antiproliferative ef- 
fects of leflunomide in the spleen, it has only modest effects 
on the ability of leflunomide to control allogi-aft; rejection. 

Effect of uridine on the ability of leflunomide to control 
acute allograft rejection in C3H mice, Balb/c hearts trans- 
planted into C3H mice were rejected in 8-10 days without 
immunosuppressive therapy (Table 3). Leflunomide at a dose 
of 30 mg/kg/day delayed rejection for 21-31 days (31.0±1.8). 
At this dose, there was no detectable toxicity in the mouse as 
a result of leflunomide administration. The lack of toxicity 
probably reflects the reduced sensitivity of mouse DHO- 
DHase to lefluinomide compared with the rat enzyme (2, 5, 
21 J 22). The mean percent of packed cell volume (PCV) in 
leflunomide-treated C3H mice, measured on the day of rejec- 
tion, was 52.3 ±5.7, while in untreated controls was 
62.0±2.8. Co-administration of uridine (500 mg/kg/dose; i.p., 
twice a day) with leflunomide resulted in a slightly more 
rapid rate of allograft rejection in 19-31 days (23.8 ±2,7; 
N=5). This was the maximum dose of uridine that could be 
administered in this experimental protocol as 4 of 9 mice died 
of uridine-related toxicity. The mean percent PCV in the 
sui'viving recipients, measured on the day of rejection, was 
47.2±4.4%. 

Effect of uridine on the ability of leflunomide to control 
acute xenograft rejection in Lewis rats. The rejection of ham- 
ster gi-afls by Lewis rats is mediated by anti-hamster IgM 
produced in a T-independent and T-dependent manner {23- 
25). We have previously reported that leflunomide at 15 
mg/kg/day, but not at the 5 mg/kg/day dose, can prevent 
acute xenograft rejection in the hamster-to- Lewis transplan- 
tation model (17). Leflunomide at 15 mg/kg/day resulted in 
xenograft survival ranging from 48 to ^75 days (mean graft 
survival was >63.2±9.7 days). When leflunomide was in- 
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Figure 4. The ability of leflunomide (15 mg/lcg/ 
day) to inhibit allograft rejection (A and B) was 
minimally affected by uridine (500 mg/kg/day) co- 
administration (E and F). The proliferation of T 
and B cells in the recipient spleen in response to 
allograft stimulation was inhibited by leflunomide 
(15 mg/lig/day) (C and D), and this inhibition was 
reversed by uridine (500 mg/kg/day) co-adminis- 
tration (G and H). A and E: IgM deposition; B and 
F: TCRtt/3* T lymphocytes; C and G: B cells 
(IgM*) regions in the recipient spleen; D and H: 
TCRajS^ T cell regions in the spleen. 




TABiJi 3. Effect of uridine on the ability of leflunomide to control 



allograft CBalb/c) rejection in C3H mice" 


Treatment 


Allograft sur\'ivai (d) 


Means ±SE 


None 


8, 9. 9, 10, 10 


9.2 + 0.8 


Uridine 


8, 9, 9, 10, 11 


9.4 zia 


Lef (30) 


21, 27, 29, 30, 31 


31.0x1.8 


Lef (30) + Uridine 


19, 19, 20. 30, 31 


23.8±2.7 



" Uridine was administered i.p. at 1000 mg/kg/day (500 mg/kg/ 
dose given twice a day), whereas leflunomide was administered 
orally at 30 rag/kg daily from the day of the transplant until rejec- 
tion. Data are presented as mean±SE. On days 5, 10, 12, and 13 
after the transplant, 4 other recipients in this group, with function- 
ing xenografts, died of uridine toxicity. This obsei'vation indicated 
that 1000 mg/kg/day is the maximum tolerable dose of uiidine. The 
rest of the C3H recipients were killed on the day of gi*aft rejection. 

creased to 35 mg/kg/day, all the Lewis recipients died of» or 
were killed because of, leflunomide toxicity before the end of 
the experiment (75 days). The mean survival of the Lewis 
recipient was 36.0:1:14.0 days; however, at the time of death 
or sacrifice, all xenografted hearts were beating (Table 4). 

We next tested the effect of uridine coadministration on 
the ability of leflunomide to prevent acute rejection in this 
transplantation model. Uridine 500 mg/kg/day coadministra- 
tion completely antagonized the immunosuppressive activity 
of 15 mg/kg/day leflunomide, and the xenografts were re- 
jected in 8.4 ±0.2 days. In contrast, co-administration of uri- 
dine 500 mg/kg/day and 35 mg/kg/day leflunomide resulted 
in long-term xenograft survival for up to 75 days in 3 of 5 
recipients; the remaining 2 recipients were killed because of 
leflunomide toxicity with beating xenografts (Table 4). 

As previously reported, pathological analysis of the xeno- 
grafts on day 50 after the transplant revealed significant 
vascular injury, indicative of chronic rejection, when lefluno- 
mide was used at a dose of 15 mg/kg/day (26, 27). Xenografts 
removed after 10 days of leflunomide monotherapy (15 mg/ 
kg/day) revealed minimal signs of rejection (Fig. 5A, B). A 
pathological examination of the grafts from rats treated with 



leflunomide plus uridine (average sun^ival of 8.4 days) re- 
vealed severe acute rejection characterized by intense IgM 
deposition, arterial necrosis, thrombosis, and myocyte coag- 
ulating necrosis with a mild to moderate infiltrate compris- 
ing neutrophils and macrophages (Fig. 5E, F). At the time of 
sacrifice of Lewis rats treated with 35 mg/kg/day leflunomide 
(mean of 36.0 ± 14.0 days after the transplant), the xenografts 
seemed histologically normal, with no signs of inflammatory 
cell infiltration or IgM deposition (Fig. 5C, D). Hearts from 
Lewis recipients treated with leflunomide (35 mg/kg/day) 
and uridine revealed mild mononuclear intracellular infiltra- 
tion and IgM deposition, with minimal myocyte necrosis in 4 
of 5 grafts (Fig. 5G, H). One graft had severe mononuclear 
cell infiltration with arterial intimal thickening, a feature 
characteristic of chronic rejection (data not shown). 

We have previously reported that graft rejection in this 
concordant xenotransplantation model is accompanied by an 
increase in the titers of xenoreactive IgM but minimal in- 
creases in IgG (Fig. 3B) {17). We here confirm that lefluno- 
mide significantly inhibited the increase in xenoreactive IgM 
titers at a dose of 15 mg/kg/day and completely inhibited the 
increase in the xenoreactive IgM titers at the 35 mg/kg/day 
dose. Immunohistochemical analysis confirmed that lefluno- 
mide was able to inhibit xenoantibody production in a dose- 
dependent manner, with significant IgM deposition in the 
xenografts on day 75 after the transplant in groups treated 
with 15 mg/kg/day leflunomide (data not shown) (26), and 
minimal IgM deposition in the 35 mg/kg/day group (Fig. 5B 
and 5D). 

In the groups in which uridine was co-administered with 
leflunomide, only marginally higher titers of circulating xe- 
noreactive IgM were observed at the 15 mg/lig/day dose, and 
uridine had no detectable effect on the ability of the higher 
leflunomide dose to inhibit xenoantibody production. Immu- 
nohistochemical analysis indicated minimal IgM deposition 
in the xenografts from the leflunomide (15 mg/kg/day) mono- 
therapy group on day 10 after the transplant (Fig. 5B), and 
dense IgM deposition in the xenograft at the time of rejection 
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Table 4. 


Effect of uridine on the ability of leflunomide to control xenograft (hamster hearts) rejection in 




Treatment 


Xenograft survival (d) 


Mean (d) 


Histological scores 


None 


3, 4, 4, 4, 4, 4, 4, 4, 4 


3.9±0.3 


4 (AR; X9) 


Lef (5) 


6, 6, 7, 7, 7, 7, 7, 8, 14 


7.7±2.5 


4 (AR; X9) 


Lef(5)4-Undine 


ND 




ND 


Lef (15) 


48. 57, 57, 59, 60, 63, 75, >75^ >75 


>63.2±3.2 


4 (CR; X9) 


Lef (15)+Uridine 


8, 8, 8, 9, 9 


8.3±0.25 


3B, 4, 4, 4 (AR) 


Lef (35) 


>24, >30, >31, >35, >60 


>35.8±6.3 


0, 0, 0, 0, lA (AR) 


Lef (35)+ Uridine 


>34, >34. >75, >75, >75 


>58.3±10 


IB, IB, IB, 2, 3B 



" Uridine was administered i.p. at 500 mg/kg (once a day) whereas leflunomide was administered orally at 5, 15, or 35 mg/kg daily for up 
to 75 days. Survival of Lef-treated Lewis rats or grafts were calculated from the day of the transplant and presented as mean±SE. Xenografts 
were han^ested on the day the rats were killed or at the end of experiment (day 75 after the transplant). Histological scores were determined 
as described under Materials and Methods. 



* > indicates that the Lewis recipients died or were killed with beating grafts on day 75 after the transplant. AR, acute rejection; CR, 
chronic vascular rejection. 




FiCJURE 5. The ability of leflunomide (15 mg/kg/ 
day (A, B, E, F) and 35 mg/kg/day) (C. D, G, H) to 
inhibit xenograft rejection was significantly re- 
versed by uridine co- administration (E-H), Xeno- 
grafxs were harvested on day 10 after transplant 
(A and B), rejection (D and F), day of sacrifice 
(C and D), or day 75 after transplant (G and H). A, 
C, E, and G: HE staining; B, D, F and H: IgM 
immunostaining. 



(day 8-10 after the transplant) in the group treated with 15 
mg/kg/day of leflunomide plus uridine (Fig, 5F). There was 
also marginally more IgM deposition in the xenografts on day 
75 in the groups treated with 35 mg/kg/day of leflunomide 
plus uridine (Fig. 5H), compared with the leflunomide mono- 
therapy group (Fig. 5D), These results indicate that uridine 
can reduce the ability of leflunomide to control xenoreactive 
IgM production in the hamster-to-Lewis concordant xeno- 
transplantation model. 

Effect of uridine on the toxic side-effects of leflunomide in 
Lewis rats. Lewis rats with either an allograft or a xenograft, 
and treated with leflunomide at a dose of 35 mg/kg/day, 
survived for a mean of 30.5 days (Fig. 6A), with only one of 10 
rats surviving <50 days. When the same dose of leflunomide 
was administered with uridine (500 mg/kg/day), the mean 
survival of Lewis rats was significantly enhanced, and 7 of 10 
Lewis rats were alive after 50 days (Fig. 6A). These observa- 
tions suggest that this dose of uridine could antagonize the 
toxic side effects of high-dose leflunomide, Lewis recipients 
treated with 15 mg/kg/day of leflunomide alone, or in combi- 
nation with uridine, exhibited minimal signs of toxicity. 

Typical signs of leflunomide toxicity in Lewis rats are 
anemia and diarrhea. We measured the percent of PCV every 



14 days after the transplant in the Lewis rats receiving 
either allografts or xenografts. Treatment with 35 mg/kg/day 
of leflunomide resulted in a rapid decline in the percentage of 
PCV (Fig. 6B). In contrast, in the groups receiving uridine 
and 35 mg/kg/day of leflunomide, the decline in percent of 
PCV was delayed (Fig. 6B). In the Lewis recipients treated 
with 15 mg/kg/day leflunomide alone, or combination with 
uridine, there was no significant drop in the percentage of 
PCV for the duration of the experiment. 

At the end of the experiment (either natural death or being 
killed), Lewis rats were subjected to a complete autopsy. 
Histological signs of leflunomide toxicity (35 mg/kg/day) were 
observed primarily in the small bowel and liver (Fig. 7A, B). 
Epithelial abnormalities were observed in the intestinal mu- 
cosa of the small bowel of rats treated with high-dose lefluno- 
mide (35 mg/kg/day). In particular, the villi were short and 
wide and mature intestinal epithelial cells, including goblet 
cells, brush border absorption epithelium, and Paneth's cells, 
were partially or completely substituted by immature low 
columnar cells, with or without dysplasia (Fig. 7A). These 
epithelial abnormalities could be caused by atrophy, dedif- 
ferentiation, or inhibition of regeneration of the intestinal 
mucosa by high-dose leflunomide. Uridine significantly pre- 
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Treatment (days) 

Figure 6. (A) Sui*vival of Lewis recipients after treatment with le- 
flunomide (Lef; 15 or 35 mg/kg/day) alone or in combination with 
uridine (Urid; 500 mg/kg/day). (B) The hematoci'its in Lewis recipi- 
ents after treatment with leflunomide (Lef; 15 or 35 mg/kg/day) alone 
or in combination with uridine (Urid; 500 mg/kg/day). Data are 
presented as mean PCV of 10 ratsiSE. 

vented changes in the small bowel in the three surviving 
Lewis rats treated with leflunomide and uridine for 5:75 days 
(Fig. 7C). 

Toxicity in the liver was characterized by fatty degenera- 
tion, atrophy, and necrosis of the hepatocytes in the central 
lobular regions (Fig. 7B). These changes were completely 
abrogated with the co-administration of uridine, and the 
findings of the histological analysis of the liver seemed nor- 
mal (Fig. 7D). 



DISCUSSION 

When relating the in vitro activity of a drug to its in vivo 
activity, it is usually necessary to assess the drug levels in 
the blood and tissue, at doses known to modify the function of 
the target organ system. With leflunomide, two in vitro ac- 
tivities are known to exist at two distinct concentrations: 
inhibition of de novo pyrimidine synthesis and selective in- 
hibition of tyrosine kinases. Either of these activities might 
account for the immunomodulatory activity of leflunomide. 
To individually assess these activities in vivo requires that at 
least one of the activities be controlled. Uridine can be used 
as an antidote for inhibition of c^e novo pyrimidine synthesis; 
thus, we first conducted a pharmacokinetic analysis of serum 
A77 1726 after the administration of leflunomide, and of 
serum uridine and tissue nucleotide triphosphate levels after 
the administration of uridine. 

After a single oral administration of leflunomide (5, 15, and 
35 mg/kg), we observed a linear dose-dependent relationship 
between the dose administered and the concentration of A77 
1726 in the serum. Consistent with previous studies, the 
increase in A77 1726 levels in the serum was relatively slow 
(Ka=1.97 to 0.484 mL • min/kg) and peak levels were reached 
in 6-8 hr, irrespective of the dose (25, 29). After the admin- 
istration of a single, i.p. dose 500 mg/kg of uridine in Lewis 
rats, increased levels of serum uridine were detected almost 
immediately and the peak concentration of uridine in the 
serum, 384,1±53.5 ju,M/L, was observed within 15 min {28, 
29). However, uridine plasma levels returned to normal by 4 
hr, indicating that the pharmacokinetics of uridine are sig- 
nificantly different from that of A77 1726. The levels of UMP 
and CTP in the spleen, Ijmiph nodes, and liver of Lewis rats 
were elevated within 1 hr after the administration of 500 
mg/kg uridine. In contrast to rapid elimination of serum 
uridine, the levels of UTP and CTP in the spleen, liver, and 
lymph nodes remained elevated for 6 -12 hr. Our data further 
suggest a hierarchy in the duration of elevated pyrimidine 
nucleotides in the spleen> liver >lymph nodes, perhaps re- 
flecting the ability of different tissues or cells to salvage 
uridine and the availability of serum uridine (30, 31). A 
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ci'itical role of the spleen in the development of cellular and 
antibody responses is suggested by the central position of the 
spleen in blood circulation and the large numbers of lympho- 
cytes migrating. Thus, it is noteworthy that the pharmaco- 
kinetic lindings of UTP levels after uridine administration in 
the spleen is most similar to that of serum A77 1726 after 
administration of leflunomide. 

We next examined the effects of uridine on the immuno- 
suppressive activity and toxicity of leflunomide in Lewis rats 
receiving with brown Norway or Golden Syi'ian hearts. On 
the basis of three criteria: survival, histological examination 
of the allograft, and titers of alloreactive antibodies, we con- 
clude that the ability of leflunomide to control allograft re- 
jection seems to be only minimally affected by uridine co- 
administration. It is interesting that the lymphoid areas in 
the spleen that were significantly reduced in leflunomide- 
treated rats receiving allograft hearts were significantly re- 
versed by uridine co-administration. We, therefore, speculate 
that the immunosuppressive effects of leflunomide in this 
allotransplantation model are independent of the DHO- 
DHase-dependent antiproliferative effects of leflunomide. In 
a second allograft model (Balb/c into C3H), uridine also had 
modest effects on the immimosuppressive activity of lefluno- 
mide. These data are consistent with the conclusion that the 
mechanism by which leflunomide controls alloreactivity is 
largely independent of inhibition of pyrimidine synthesis in 
vivo. 

The modest effect of undine in this allogi*aft model con- 
trasts with our in vitro data that indicate that uridine can 
completely antagonize the antiproliferative activity of the 
active metabolite of leflunomide, A77 1726, when it is used at 
concentrations that are ^25 /xM (9). However, we had noted 
that uridine only partially reversed the antiproliferative ef- 
fects of A77 1726 when the concentrations were >:50 /(xM, and 
liad no effect of the ability of A77 1726 to inhibit T cell 
cytotoxic activity (9). Because A77 1726, at ICoo of S:50 m-M, 
inhibits tyrosine phosphorylation in lymphocytes, we had 
hypothesized that the immunosuppressive activity at >:50 
/xM A77 1726, and in the presence of uridine, results from 
inhibition of tyrosine phosphorylation (6, 9, 32). 

Single-dose pharmacokinetic studies of rats treated with 
leflunomide at 5, 15, and 35 mg/kg/day indicated that peak 
concentrations of A77 1726 in the sera were 77.5, 266.1 and 
478.8 fxM, respectively, whereas the 24 trough concentra- 
tions are 4.9, 6.3, and 125 /xM, respectively. Additionally, 
single-dose pharmacokinetic studies of mice treated with le- 
flunomide at 35 mg/kg/day indicates that the peak concen- 
tration of A77 1726 in the sera is 518.2 ptM, whereas the 24 
hr trough concentration is 227.5 (data not shown). Tliere- 
fore, the inability of uridine to counter the effects of lefluno- 
mide in this allograft model is consistent with the in vitro 
observations that uridine cannot reverse the immunosup- 
pressive activities of higher doses of A77 1726 iii vitro (9). 
We, thus, conclude that the primary mode of immunosup- 
pression by leflunomide in this allograft model may be re- 
lated to the inhibition of tyrosine phosphorylation and that 
the inhibition of de novo pyrimidine synthesis is of secondary 
importance. 

In contrast to the modest effect of uridine in the allograft 
model, the ability of uridine to antagonize the immunosup- 
pressive activity of 15 mg/kg/day of leflunomide in the xeno- 
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graft model is very convincing. In the leflunomide mono- 
therapy groups (15 mg/kg/day), the xenografts survive for a 
mean of >63 days. There was minimal IgM deposition in the 
xenograft on day 10 but significant IgM at the time of rejec- 
tion or on day 75 after the transplant. In the combination 
therapy group, the xenografts were rejected in 8-10 days, 
and rejection was associated with extensive deposition of IgM 
in the xenograft. At the higher dose of leflunomide (35 mg/ 
kg/day), the effect of uridine was more modest and the xeno- 
gi*aft hearts were still beating at the time the rats were killed 
(day 34 or day 75 after the transplant). A histological exam- 
ination of the xenografts from the combination treatment 
group (leflunomide [35 mg/kg/day] plus uridine) revealed in- 
creased signs of inflammation, chronic rejection, and IgM 
deposition, compared with the 35 mg/kg/day leflunomide 
monotherapy group. These obsei-vations suggest that inhibi- 
tion of dp. novo pyrimidine synthesis is an important part of 
immunosuppressive therapy in the xenotransplantation 
model. It further suggests that insufficient uridine is not the 
explanation for our obsen^ations in the allotransplantation 
model. 

The contrasting effect of uridine on the immunosuppres- 
sive activity of leflunomide may result from different mech- 
anisms of rejection in the allograft versus the xenogi-aft 
model. Acute xenograft, rejection is dependent on the rapid 
production of xenoreactive IgM; in contrast, acute allogi-aft 
rejection is a T-cell dependent process (27, 33). Therefore, it 
is possible that the control of B cell function in xenografl 
rejection by leflunomide depends more on the inhibition of 
pyrimidine synthesis, whereas the control of T cells by le- 
flunomide may be more dependent on the inhibition of ty- 
rosine phosphorylation. In vitro obsen^ations suggest that B 
cells may be more susceptible to the effects of inhibition o[dc 
novo pyrimidine synthesis than T cells (9, 70, 34-36), 

A second goal of these studies was to investigate whether 
uridine could be used to control leflunomide-induced toxicity. 
The most consistent symptoms in Lewis rats treated with 35 
mg/kg/day of leflunomide were severe anemia and diarrhea 
resulting in weight loss, dehydration and, ultimately, death. 
Uridine was able to significantly reduce the anemia and 
prolong the survival of the Lewis rats. Autopsies revealed 
liver necrosis and pathological changes in the small bowel in 
rats treated with 35 mg/kg/day leflunomide. Most of these 
changes were significantly reversed by uridine co-adminis- 
tration, suggesting that the toxicity of the liver and small 
bowel, and the inhibition of hematopoiesis, is largely caused 
by inhibition of pyrimidine S3m thesis. 

In summary, we report that uridine had minor effects on 
the immunosuppressive activity of leflunomide in the allo- 
graft model, and a more significant effect in the xenograft 
model. Thus, it seems that the mechanism of immunosup- 
pression by leflunomide in vivo is complex and may be af- 
fected by at least the following four factors: the type and vigor 
of the immune response; the availability of uridine for sal- 
vage by proliferating lymphocytes; the species-specific effi- 
cacy by which leflunomide inhibits the activity of dihydroo- 
rotate dehydrogenase, and the levels of A77 1726 in vivo. 
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We evaluated the effects of natural purine and pyrimidine nucleosides on protection from or reversal of 
3' -azido-J'-deoxy thymidine (AZT) cytotoxicity in human bone marrow progenitor cells by using clonogenic 
assays. The selectivity of the ''protection" or ''rescue" agents was exaniined In evaluating the antiretroviral 
activity of AZT in combination with these modulating agents and of AZT alone. Following exposure of human 
granulocyte-macrophage progenitor cells for 2 h to 5 |iM AZT (70% inhibitory concentration), increasing 
concentrations of potential rescue agents were added. Cells were cultured, and colony formation was assessed 
after 14 days. At concentrations of up to 50 |a.M no natural 2'-deoxynucleosides, including thymidine, were able 
to reverse the toxic effects of AZT. Dose-dependent reversal was observed with uridine and cytidine, and 
essentially complete reversal was achieved with 50 p-M uridine. In the protection studies, 100 yM thymidine 
almost completely antagonized the inhibition of granulocyte-macrophage colony formation produced by 1 |tM 
AZT (50% inhibitory concentration), and 50 |xM uridine effected 60% protection against a toxic concentration 
of AZT (5 p,M) (70% inhibitory concentration). The anth-etroviral activity of AZT in human peripheral blood 
mononuclear cells, assessed by reverse transcriptase assays, was substantially decreased in the presence of 
thjrmldine, whereas no impairment of suppression of viral replication was observed In the presence of uridine 
in combination with AZT at a molar ratio (uridhie/AZT) as high as 10,000. This demonstration of the capacity 
of uridine to selectively rescue human bone marrow progenitor cells from the cytotoxicity of AZT suggests that 
use of uridine rescue regimen with AZT may have potential therapeutic benefit m the treatment of acquired 
immunodeficiency syndrome. 



3 '-Azido-3'-deoxy thymidine (AZT), a pyrimidine nucleo- 
side synthesized two decades ago by Horwitz et al. (7), has 
recently been shown to transiently improve certain immu- 
nological functions in some patients with acquired immuno- 
deficiency syndrome (AIDS) (3), resulting in a decrease in 
the incidence of opportunistic infections and prolonging 
survival. The antiretroviral effects of AZT are probably 
based upon its conversion through cellular kinases to AZT 
triphosphate, which binds to reverse transcriptase and 
thereby inhibits viral DNA synthesis by chain termination 
(4). Although AZT selectively inhibits the replication of 
human immunodeficiency virus type 1 (HIV) (10), its appli- 
cations in preliminary clinical trials (11, 15) were limited by 
expressions of bone marrow toxicity. Consistent with these 
expressions we recently reported (12) that continuous expo- 
sure to AZT for 14 days effected a dose-dependent inhibition 
of human granulocyte-macrophage CPU (CFU-GM) and 
erythroid burst-forming unit colonies, the 50% inhibitory 
concentrations being 0.9 ±0.1 and 2.4 ± 0.4 |xM for the 
respective colonies. Several pharmacologic approaches are 
potentially available to improve the chemotherapeutic selec- 
tivity of AZT. Such an improvement can be theoretically 
obtained with synergistic combination chemotherapy, as 
recently demonstrated with recombinant human granulo- 
cyte-macrophage colony-stimulating factor (5) and alpha A 
interferon (6), potentially allowing a reduction in AZT con- 
centrations. Selective protection*' or '* rescue" combina- 
tions may also achieve this goal. In this approach, the 
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modulating agents are used at a time and a dosage that 
counteract (protection) or reverse (rescue) the toxic effects 
in the host cell without interfering with the chemotherapeu- 
tic activity. This concept has been previously used in cancer 
chemotherapy with methotrexate and its ''antidote," leuco- 
vorin (2), and more recently for treating protozoan infections 
with trimetrexate and leucovorin in AIDS patients (1). 

The present report relates the results of an evaluation of 
the capacities of various natural nucleosides to protect or to 
reverse AZT toxicity in human host cells. The selectivity of 
the metabolic modulations was assessed by evaluating their 
antiretroviral activity in comparison with that of AZT alone 
in HIV-infected cells. 

(This paper was presented in part at the 27th Interscience 
Conference on Antimicrobial Agents and Chemotherapy [J. 
P. Sommadossi, R. Carlisle, R. F. Schinazi, and Z. Zhou, 
Program Abstr. 27th Intersci. Conf. Antimicrob. Agents 
Chemother., abstr. no. 383, 1987].) 

MATERIALS AND METHODS 

Chemicals. Purine and pyrimidine ribonucleosides and 
deoxyribonucleosides were purchased from Sigma Chemical 
Co., St. Louis, Mo. AZT was synthetized in our laboratory 
by the procedure of Lin and Prusoff (8) and had a purity of 
>99%, as assessed by high-pressure liquid chromatography. 
The structure of the compound was confirmed by proton 
nuclear magnetic resonance, "C nuclear magnetic reso- 
nance, and infrared spectroscopy. Other chemicals were of 
the highest quality commercially possible. 

Virus strains. HIV strain LAV was obtained from the 
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Centers for Disease Control. Atlanta, Ga.. and propagated 
as recently described (13). 

Preparation of cells. Human bone marrow cells were 
collected by aspiration from the posterior iliac crest of 
normal healthy volunteers and treated with heparin, and the 
mononuclear population was separated by FicoU-Hypaque 
gradient centrifugation. Cells were washed twice in Hanks 
balanced saU solution and counted with a hemacytometer, 
and their viability was >98%. as assessed by trypan blue 
exclusion. Peripheral blood mononuclear (PBM) cells were 
obtained from the whole blood of healthy HIV- and hepatitis 
B virus- seronegative volunteers and collected by single-step 
Ficoll-Hypaque discontinuous gradient centrifugation. 

Assay of CFU-GM for drug cytotoxicity and rescue or 
protection studies. The culture assay of CFU-GM was per- 
formed by a bilayer soft-agar method as recently described 
(12). McCoy 5A nutrient medium supplemented with 15% 
dialyzed fetal bovine serum (heat inactivated at 56**C for 30 
min) (GIB CO Laboratories, Grand Island, N.Y.) was used in 
all experiments. This medium completely lacked thymidine 
and uridine. 

In the rescue studies, mononuclear cells (10^/ml) were 
exposed for 2 h at 3r*C in 5 ml of McCoy 5A nutrient 
medium to 5 ^tM AZT, corresponding to a 70% inhibitory 
concentration. At the end of the 2-h incubation period, cells 
were washed twice with fresh cold incubation medium to 
wash out the AZT. Cells were subsequently cloned in 0.3% 
agar in the presence of increasing concentrations of the 
modulating compound or in medium alone (control). After 14 
days of incubation at 37X in a humidified atmosphere of 5% 
CO2 in air, colonies (^50 cells) were counted by using an 
inverted microscope. 

In the protection studies, AZT (1 or 5 ^.M) and either 
medium (control) or various concentrations of thymidine or 
uridine were added simultaneously. Cells were exposed 
continuously under these conditions for 14 days, and colo- 
nies (^50 cells) were then scored. The toxicity of each 
purine and pyrimidine analog investigated in these studies 
(see Table 1) was assessed by continuous exposure for 14 
days by the same technique. 

And-HIV assay based on reverse transcriptase activity. 
After phytohemagglutinin stimulation for 3 days, PBM cells 
(5 X loi^/ml) were infected with HIV strain LAV at a 
concentration of about 100 50% tissue culture infective doses 
per ml and cultured in the presence of various concentra- 
tions of AZT alone or in combination with either uridine or 
thymidine. The virus was allowed to adsorb for 45 min, and 
then drugs (AZT and uridine or thymidine) were added. A 
virus control (no drug) and a cell control (no virus or drug) 
were also included. On day 5 after infection, clarified super- 
natant fluids were centrifuged in a Beckman 70.1 Ti rotor at 
40,000 rpm for 30 min. The concentrated, disrupted virus 
was subjected to reverse transcriptase assays as recently 
described by Spira et al. (13). Antiretro viral efficacy was 
determined by calculating the percent reduction in reverse 
transcriptase activity observed in drug-treated, virus-in- 
fected cultures as compared with enzyme activity in virus- 
infected control cultures. 

RESULTS 

Effect of a short exposure (2 h) of normal human bone 
marrow progenitor cells to AZT on colony growth. Initial 
experiments were designed to establish the concentration 
dependence of human bone marrow progenitor cell toxicity 
produced by AZT after 2 h of drug exposure. Normal human 



TABLE 1. Reversal 


of AZT cytotoxicity in human bone man-ow 


progenitor 


cells by naturally occurring 


purine 


and pyrimidine nucleosides 






Survival (% of untreated control)" 


Compound and 


in the presence of compound: 


concn (^M) 


AJone 




Thymidine 






0 


100 


22.8 ± 7.8 


5 




24.0 ±7.1 


10 


85.4 ± 3.1 


24.6 ± 8.4 


50 


84.7 ± 14.1 


17.7 ± 7.5 


cyuome 
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100 


22.8 ± 7.8 
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ND 


25.3 ± 12.4 


1 A 
10 


94.0 ± 7.3 


23.5 ± 5.3 


50 


93.3 ± 6.2 


50.0 ± 14.0^ 


unomc 






A 
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100 


22,8 ± 7.8 
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J 




Z4.5 X 13. 0 




85-4 ± 3.1 


43.2 ± 14.4' 


50 


84.7 ± 14.1 


100.7 ± 20.3^ 


100 


ND 


85.6 ± 10.4'' 


z -ueoxyunaine 






A 

0 


1 AA 
100 


33.0 ± 16.0 
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ND 


37.0 ± 10.4 


10 


100 ± 8.0 


34.0 ± 6.0 


50 


91.3 ± 2.3 


35.0 ± 10.5 


I -Ueoxy adenosine 




E 

^ 1 - 


A 
U 


100 


33.0 ± 16.0 


< 


ND 


36.0 ± 7.0 


10 


66.7 ± 5.5 


37.3 ± 15.5 


50 


63.3 ± 6.4 


42.3 ± 8.1 


2'-Dcoxyguanosine 






0 


100 


33.0 i 16.0 


5 


ND 


33.6 ± 16.2 


10 


83.4 ± 3.8 


30.0 ± 6.2 


50 


ND 


40.0 ± 6.0 


2'-Deoxycytidine 






0 


100 


33.0 ± 16.0 


5 


ND 


28.0 ± 7.0 


10 


82.7 ± 12.6 


34.0 ± 10.4 


50 


94.6 ± 4.6 


35.0 ± 4.6 



" Each value represents the mean ± standard deviation in at least three 
experiments with at least three different marrow donors. 

^ Cells were incubated with AZT {5 m-M) for 2 h. washed twice, and 
cultured for clonal growth for 2 weeks in the presence of purine or pyrimidine 
analogs. 

" ND. Not determined. 
P < 0.001 as compared with the control. 

' P < 0.01 as compared with the control. 

bone marrow cells were incubated at 37°C for 2 h with 
various concentrations of AZT, and cells were washed twice 
prior to plating. Cell viability was determined by soft-agar 
cloning and measurement of colony formation after drug 
treatment as described in Materials and Methods. After 2 h 
of drug exposure, the toxic effects of AZT (Fig. 1) were quite 
similar to those recently reported for these cells after con- 
tinuous exposure (14 days) to AZT (12), suggesting that the 
toxicity of AZT in human bone marrow progenitor cells in 
vitro is probably mediated through early effects. 

Ability of purine or pyrimidine derivatives to reverse the 
toxicity of AZT in human bone marrow cells. The effects of 
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FIG. 1. Effects of a short exposure (2 h) of normal human bone 
marrow progenitor cells to increasing concentrations of AZT. Each 
point represents the mean ± standard deviation of at least six 
experiments with different marrow donors. 
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FIG. 2. Effect of AZT (5 jiM) on hematopoietic colony growth 
by normal human bone marrow progenitor cells in the presence of 
various concentrations of uridine. Columns represent the mean 
percentage of inhibition of CFU-GM colonies in three separate 
experiments; bars represent the standard deviation. The mean 
number of colonies in the control plates (without AZT and uridine) 
was 60 ± 5 CFU-GM per 10^ cells. P was <0,01 for 10 jiM uridine 
and <0.001 for 50 \jM uridine as compared with the control. 



adding purine or pyrimidine nucleoside analogs to human 
hematopoietic progenitor cells following 2 h of exposure to 5 
pM AZT (70% inhibitory dose) arc shown in Table L No 
natural purine or pyrimidine 2 '-deoxy nucleosides (2'-deox- 
yuridine, 2'-deoxyadenosine, 2'-deoxyguanosine. 2'-de- 
oxycytidine, and thymidine) up to a concentration of 50 jiM 
reversed the toxic effects of AZT, nor was reversal achieved 
with 2'-deoxynucIeoside concentrations of up to 200 p.M 
(data not shown). In contrast, nontoxic concentrations of 
uridine or cytidine effected a significant and dose-dependent 
reversal of AZT toxicity. Essentially complete reversal was 
achieved with 50 \lM uridine, and no significant difference 
was detected in the presence of higher concentrations of 
uridine (ICQ jtM). At concentrations of 50 \jM the rescue 
effect of cytidine was less than that of midine. The reversal 
of AZT toxicity by cytidine probably depends on the con- 
version of cytidine to uridine by cytidine deaminase, a 
requirement that could explain the difference in the rescue 
potencies of the two pyrimidine derivatives. 

Protection from AZT toxicity by uridine in human bone 
marrow cells. Simultaneous exposure to 5 p-M AZT (70% 
inhibitory dose) and various concentrations of uridine was 
also investigated in our studies to assess whether uridine 
could protect human bone marrow progenitor cells from 
AZT toxicity when both drags were present throughout the 
experiment. Figure 2 illustrates the effects of 5 \lM AZT on 
hematopoietic colony growth of normal human bone marrow 
progenitor cells in the presence of 5 to 50 jiM uridine. 
Dose-dependent protection was observed, with 50 jiM uri- 
dine effecting approximately 60% protection in the presence 
of a toxic concentration of AZT (5 \iM). 

Protection from AZT toxicity by thymidine in human bone 
marrow cells. Since thymidine counteracts the antiretroviral 
activity of AZT in ATH8 cells (10) and both AZT and 
thymidine appear to share the same activating enzymes (i.e., 
thymidine and thy midy late kinases) (4), protection from 
AZT toxicity by thymidine was investigated in human bone 
marrow progenitor cells. Human granulocyte-macrophage 
precursor cells, grown in soft agar, were exposed continu- 
ously for 14 days to 1 m-M AZT (50% inhibitory dose) and 10 
to 100 jiM thymidine. The latter agent antagonized the 
inhibition of colony formation by AZT in a dose-dependent 



manner, almost complete protection being effected by 100 
fiM thymidine (Fig. 3). 

Effect of thymidine and uridine on the antiretroviral activity 
off AZT in HIV-infected human PBM cells. The effects of 
thymidine and uridine on the capacity of AZT to inhibit HIV 
replication in human PBM cells was evaluated (Table 2). 
Essentially fiill protection against HIV production was 
achieved with AZT alone at a concentration of approxi- 
mately 0.01 jiM, in agreement with recently published data 
(9). The presence of thymidine led to a substantial loss of the 
antiretroviral activity of AZT, as reported previously (10). A 
concentration of 10 |xM thymidine reduced the inhibition of 
HIV by 0.01 M-M AZT by approximately 50%, and the 
anti-HIV activity of 0.01 AZT was essentially abolished 
by 100 p-M thymidine. In contrast, concentrations of uridine 
of up to 1(X) ^.M and in combination with AZT at a molar 
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FIG. 3. Effect of AZT (1 ^M) on hematopoietic colony growth 
by normal human bone marrow progenitor cells in the presence of 
various concentrations of thymidine. Columns represent the mean 
percentage of inhibition of CFU-GM colonies in three separate 
experiments; bars represent the standard deviation. The mean 
number of colonies in the control plates (without AZT and thymi- 
dine) was 80 ± 20 CFU-GM per 10^ cells. 
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TABLE 2. Effect of thymidine and undine on AZT anlirctroviral 
activity in HIV-infected human PBM cells 

^ . ^ % Inhibition 

Treatment and ^„ ^ ^ 

^P"*^" ^^^^ (corrected) 

AZT ~ 

0.001 0 

0.01 81.9 

0.1 %.6 

Thymidine 

10 0 

100 0 

Uridine 

10 7.3 

100 5.1 

AZT-thymidinc 

0.01-0.1 81.4 

0.01-1 85.0 

0.01-10 52.6 

0.01-100 4.1 

AZT-uridinc 

O.OMO 75.1 

0.01-100 63.2 

0.1-10 96.1 

O.MOO 96.1 

" The mean of triplicate counts (± standard deviation) for the vims control 
was 234,780 ± 26,600 dpm/ml (equivalent to an approximate incorporation of 
3.6 pmol of dTMP into the acid-unsoluble product). Counts for the blank and 
negative control (no virus or drug) were 355 and 1,535 dpm, respectively. A 
positive control for the reverse transcriptase assay was also included (count, 
313,000 dpm). 



ratio (uridine/AZT) as high as 10,000 had no effect on the 
antiretroviral activity of AZT. Cell viability and growth, as 
assessed by trypan blue exclusion and with a Coulter 
Counter, were similar among the cultures, and no toxicity 
was observed in the presence of 100 \lM uridine (Table 3). 



TABLE 3. Effect of AZT and uridine alone or in combination on 
human PBM cell growth and cell viability^ 



Treatment 
and concn 
(hM) 


Growth (% of 
untreated control) 


Viability (% of 
untreated control) 


AZT 






0.1 


102.9 


113.2 


1 


100 


90.6 


10 


81.2 


100 


100 


79.4 


103.1 


Undine 






1 


100 


109.4 


10 


94.1 


100 


100 


87.0 


100 


AZT-uridine 






1-1 


97.1 


78.8 


1-10 


105.9 


72.5 


1-100 


78.1 


78.2 



" The mean numbers of human PBM cells standard deviation) in the cell 
growth and viability studies were (3.2 ± 0.6) x l(y* cells per ml and 3.4 ± 0.3 
cells per ml» respectively. Cells were stimulated with phytohemagglutinin for 
2 days and subsequently exposed for 5 days to various concentrations of AZT 
or uridine alone or in combination. 



These data suggest that, unlike thymidine, uridine does not 
interfere with the uptake and/or metabolic activation of AZT 
in HIV-infected human PBM cells or any other mecha- 
nism(s) by which AZT inhibits HIV replication. 

DISCUSSION 

In a previous report from this laboratory, we demon- 
strated that AZT directly suppressed human hematopoietic 
colony growth in a dose-dependent manner by direct inter- 
action with CFU-GM and erythroid burst-forming unit pro- 
genitor cells (12). These findings were consistent with the 
observation that anemia and neutropenia were the trnjor 
adverse effects of AZT administration to AIDS patients (11, 
15). In an effort to obviate this untoward effect of AZT, we 
have sought to determine in the present study whether 
natural nucleosides can protect against or reverse the toxic- 
ity of AZT in human bone marrow progenitor cells without 
affecting the antiretroviral activity of AZT. As reported 
here, thymidine can counteract or protect against the toxic- 
ity of AZT in normal human bone marrow cells, but it also 
antagonizes the antiretroviral activity of AZT (Table 2). 
These data probably reflect a decrease in the formation of 
AZT triphosphate, since both AZT and thymidine utilize the 
same activating enzymes (i.e., thymidine and thymidylate 
kinases) to exert their pharmacologic action. It is particu- 
larly important that thymidine, even at concentrations of up 
to 100 M.M, was not able to reverse the toxic effects of 5 p,M 
AZT (70% inhibitory concentration) for human granulocyte- 
macrophage precursor cells. This, result suggests that the 
administration of thymidine sequentially with AZT in vivo 
probably will not prevent its toxic effects, as previously 
speculated (11). 

Our experiments also showed that the hematopoietic 
toxicity of AZT was consistently reversed by uridine and to 
a lesser extent by cytidine. The inhibition of CFU-GM 
colony formation at an AZT concentration of 5 m.M was 
essentially reversed when 50 ^,M uridine was added to the 
cultures. The percentage of rescue of CFU-GM colony 
formation was proportional to the concentration of uridine, 
suggesting that the reversal was a competitive process. The 
same concentration of cytidine only partially reversed the 
toxic effects of AZT on colony formation. In these studies, 
cytidine probably acted through its conversion to uridine by 
cytidine deaminase, explaining the quantitative difference in 
the rescue between the two pyrimidine derivatives. Uridine 
was shown also to protect normal human bone marrow 
progenitor cells from AZT toxicity, and 60% protection was 
achieved when cells were exposed to both 5 ^.M AZT and 50 
fjiM uridine for 14 days. 

No difference in the inhibition of viral replication was 
observed in HIV-infected PBM cells when uridine was 
combined with AZT at different molar ratios as compared 
with AZT alone. Therefore, the combination of AZT and 
uridine appears to selectively reverse the hematopoietic 
effects of AZT without decreasing its antiretroviral activity. 
Uridine pharmacokinetic and toxicity studies have been 
recently reported in humans (14), and 'Rescuing'' concen- 
trations of uridine may be achieved in vivo, with a tolerable 
toxicity, making this combination potentially suitable for the 
treatment of AIDS. A potential mechanism(s) which may 
account for the reversal of or protection from AZT cytotox- 
icity by uridine in human bone marrow cells is unclear, and 
further investigations are currently in progress. 

In summary, the high degree of selectivity of the uridine 
rescue between human bone marrow progenitor cells and 
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HIV-infected cells suggests that the combined use of AZT 
and undine may be of importance in the treatment of AIDS. 
Although the results of the present in vitro studies must be 
cautiously extended to the clinical situation, the possible use 
of uridine for rescue may have a potential therapeutic benefit 
in that the antiretroviral activity of AZT is not afiFected while 
the host toxicity of AZT is minimized. This novel strategy 
for modulating AZT therapy deserves further biochemical 
and/or pharmacologic investigations, which may lead to 
carefully controlled clinical evaluations. 
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Long-term side effects of antiretroviral therapy are attrib- 
uted to the mitochondrial (mt) toxicity of nucleoside 
analogue reverse transcriptase inhibitors (NRTIs) and their 
ability to deplete mtDNA. Studies in hepatocytes suggest 
that uridine is able to prevent and treat mtDNA depletion 
by pyrimidine NRTIs [zaicitabine (ddC) and stavudine 
(d4T)] and to fully abrogate hepatocyte death, elevated 
lactate production and intracellular steatosis. Uridine was 
also found to improve the liver and haematopoietic toxic- 
ities of zidovudine (AZT), which are unrelated to mtDNA 
depletion, and to prevent neuronal cell death induced by 
ddC. Most recently, uridine was found to prevent the onset 
of a lipoatrophic phenotype (reduced intracellular lipids, 
increased apoptosis, mtDNA depletion and mt depolariza- 
tion) in adipocytes incubated long-term with d4T and AZT. 
Various steps of mt nucleoside utilization may be involved 



in the protective effect, but competition of uridine 
metabolites with NRTIs at polymerase y or other enzymes 
is a plausible explanation. Pharmacokinetic studies 
suggest that uridine serum levels can be safely increased 
in humans to achieve concentrations which are protective 
in vitro (50-200 jiM). Uridine was not found to interfere 
with the antiretroviral activity of NRTIs. Mitocnol, a sugar 
cane extract which effectively increases uridine in human 
serum, was beneficial in individual HIV patients with mt 
toxicity and is now being tested in placebo-controlled 
randomized trials. Until these data become available, the 
risk-benefit calculation of using uridine should be indi- 
vidualized. The current safety data justify the closely 
monitored use of uridine in individuals who suffer from 
mt toxicity but who cannot be switched to less toxic 
NRTIs. 



Introduction 

More than 8 years after the widespread introduction of 
highly active antiretroviral therapy (HAART), it has 
become clear that antiretroviral drugs have long-term 
effects on organs and body metabolism. Nucleoside 
reverse transcriptase inhibitors (NRTIs) within the 
antiretroviral cocktail are associated with hyperlac- 
tataemia and organ toxicities such as damage to the 
liver, peripheral nerves and skeletal muscle. The choice 
of NRTI also determines an individuars risk of devel- 
oping lipoatrophy, a clinically irreversible loss of 
subcutaneous tissue; The main mechanism of these 
NRTl-related side effects has been identified as mito- 
chondrial (mt) toxicity [1-7]. 

Pathogenesis of NRTl-related mt toxicity 

NRTIs are activated by triphosphorylation and then 
they inhibit polymerase y, the enzyme which replicates 
mtDNA [3,8]. Polymerase y inhibition is a result of 
several distinct steps [3]. The first step involves compe- 
tition of NRTI triphosphates with the natural nucleo- 
side triphosphates. If this competition is successful, the 
NRTIs are incorporated into the nascent mtDNA 



strand. This second step causes chain termination. As a 
result of polymerase y impairment, mtDNA depletion 
(a quantitative reduction of the mtDNA copy number) 
ensues. The relative potency of activated nucleoside 
triphosphates to inhibit polymerase y is not the same 
among ail NRTIs. In vitro data indicate a relatively 
strong inhibitory effect of the 'd-drugs', that is, 
zaicitabine (ddC), didanosine (ddl) and stavudine 
(d4T), whereas abacavir, emtricitabine, lamivudine and 
tenofovir do not impair mtDNA replication in clini- 
cally relevant concentrations [3,8,9]. 

Zidovudine (AZT) is a special case because this 
NRTI is a mt toxin despite the fact that AZT triphos- 
phate only has a low potency to affect polymerase y 
and mtDNA content in clinically relevant and cyto- 
toxic concentrations, at least in proliferating cells 
[8-11]. On one hand, the mt toxicity of AZT may, in 
part, involve binding to adenylate kinase (an enzyme 
involved in ATP formation) and inhibition of the mt 
A DP/ ATP trans locator [12-14J. These mechanisms 
may explain why some toxicities have been observed 
relatively early after AZT exposure [9,1 3 1. On the 
other hand, mtDNA depletion has indeed been 
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observed with AZT in vivo [6,15- 17|. Two observa- 
tions may explain why nitDNA depletion may also 
occur in the absence of direct polymerase y inhibition. 
Firstly, it has been shown vivo that some of the 
administered AZT can be non-enzymatically converted 
into d4T, and thus a stronger polymerase y inhibitor 
[i8J. Secondly, mtDNA depletion may result from a 
another mechanism, namely from AZT-mediated inhi- 
bition of thymidine kinase (TK) type 2 [19]. This TK is 
expressed in mitochondria and responsible for the 
intramitochondrial phosphorylation of pyrimidine 
nucleosides (deoxythymidine, deoxycyridine and 
deoxyuridine). In non-replicating cells, the cytosolic 
TK type 1 (TKl) is down-regulated, making the pyrim- 
idine supply for mtDNA synthesis dependent on the 
activity of TK2. Such reduced supply of the normal 
deoxypyrimidine phosphates limits mtDNA replica- 
tion, especially in skeletal muscle, as evidenced by a mt 
myopathy in subjects carrying TK2 mutations [20]. 

As mtDNA encodes for subunits of the mt respira- 
tory chain, mtDNA depletion therefore results in respi- 
ratory chain dysfunction. 

Any respiratory chain dysfunction may promote 
electron leakage in the mt matrix and thus the genera- 
tion of reactive oxygen species (ROS). Such increased 
ROS formation may then in turn damage the lipid 
architecture of the mt membrane, attack respiratory 
chain proteins or damage polymerase y and mtDNA 
itself, thereby closing several vicious circles that 
promote even more ROS formation [21,22]. There is 
also evidence for additional mechanisms of ROS 
formation [1]. Markers of oxidative damage and 
hereroplasmic mtDNA point mutations have indeed 
been shown to increase in patients treated with NRTIs 
[23,24]. 

Respiratory chain dysfunction also leads to the 
secondary impairment of several metabolic pathways. 
Firstly, ATP can no longer be synthesized efficiently 
through oxidative phosphorylation and glycolysis has 
to be relied upon. Secondly, the block of NADH utiliza- 
tion in the respiratory chain increases the intracellular 
NADH/NAD+ ratio. This alteration of the redox status 
promotes the conversion of pyruvate to lactate and 
inhibits key enzymes of beta oxidation, resulting in the 
intracellular accumulation of triglycerides [25J. 

The mt respiration also has a third important task: 
an efficient electron^flux through the respiratory chain 
is essential for the activity of dihydroorotate- 
dehydrogenase (DHODH; E.G. 1.3.99.11), an enzyme 
located in the inner mt membrane and necessary for the 
de novo synthesis of all (intramitochondrial and 
intracytoplasmic) pyrimidines [26]. This is because 
DHODH catalyses the oxidation of dihydroorotate to 
orotate from which uridine monophosphate (UMP) and 
intracellular pyrimidines are synthesized (Figure 1). 



A defect in the respiratory chain therefore results in 
pyrimidine depletion. The indirect inhibition of 
DHODH by NRTI-reiated mt toxicity is likely to be 
similar to those caused by direct DHODH inhibitors 
[27]. Research into leflunomide [27,28], a direct 
DHODH inhibitor and a licensed immunosuppressive 
drug has taught us about the in vitro and in vivo conse- 
quences of DHODH inhibition (Figure 2). The deple- 
tion of UMP and derived intracellular pyrimidines 
activates p53 and its immediate transcriptional target 
p21 [27,29]. p53 also regulates the activation of Rb 
protein and thus of cyclins via phosphorylation [30]. 
Through this mechanism, the pyrimidine depletion 
inhibits the transition to the S-phase of the cell cycle 
and leads to a mitotic arrest in the Gl phase. p53 can 
also activate the transcription of Bax [31] and promote 
apoptosis. These molecular mechanisms may explain 
why cells with mtDNA depletion stop dividing and 
then die. 

The importance of the intracellular pyrimidine pools 
for the survival of cells without a functional respiratory 
chain is supported by the fact that cells without a single 
molecule of mtDNA (rhoO-cells) are rescued from cell 



Figure 1. Simplified scheme of pyrimidine metabolism 
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The biosynthetic pathway starts with the formation of carbamoyl phosphate. 
DHODH (an enzyme which is inhibited by respiratory chain dysfunction in mt 
toxicity of NRTIs and by leflunomide) then catalyses the synthesis of orotate. 
Orotate is then anabolized to UMP, which can be used to produce RNA, DNA. 
(jlycosylation products or membrane constituents. Uridine can be salvaged into 
UMP by uridine kinase or degraded into bcta-alanine. which enters the tricar- 
boxylic acid cycle. Dashed arrows signify pathways involving intermediate 
metabolites, mt, mitochondrial; CDP, cytidine diphosphate; DHODH, dihy- 
droorotate dehydrogenase; dCTP, dideoxycytidine triphosphate; dTFP, 
dideoxythymidine triphosphate: UDP. uridine diphosphate; UMP. uridine 
monophosphate; UTP, uridine triphosphate. 
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Figure 2. Molecular and functional consequences of 
diminished intracellular pyrimidine supply 



Figure 3. Vicious cycle which is hypothesized to contribute to 
the mt toxicity of antiretroviral pyrimidine d-drugs and' 
which may be abrogated by uridine supplementation 
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death and grow virtually normally if the intracellular 
pyrimidine pools are replenished by substances that can 
be salvaged into pyrimidines by being converted into 
UMP distal to DHODH. One such substance that can 
bypass the block in the de novo synthesis of pyrim- 
idines is uridine [32]. . 

Uridine abrogates mt toxicity in vitro 

The relationship betv^cen respiratory chain dysfunction 
and pyrimidine metabolism makes uridine an attractive 
candidate to alleviate symptoms of NRTI-related mt 
toxicity. Early work has demonstrated that neuronal 
cells exposed to ddC are rescued from death and 
improve in proliferation and neurite outgrowth if the 
medium was supplemented with undine (50 pM) [33]. 
Uridine in concentrations of 50 pM also completely 
reversed the haematopoietic toxicity of AZT (5 pM) on 
normal human granulocyte-macrophage progenitor cells 
[34]. Similar strategies in mouse models of AZT-induced 
bone marrow suppression reversed anaemia, 
leucopoenia, increased peripheral reticulocytes and 
increased bone marrow cellularity [35], The mecha- 
nism for the beneficial action of uridine on AZT is still 
unclear. As discussed above, AZT has many effects on 
cell metabolism [8,19]. It is conceivable that uridine or 
its derived pyrimidines may compete with AZT for one 
or several of these metabolic steps or, alternatively, for 
kinases or transporters responsible for the intramito- 
chondrial presence of triphosphorylated AZT 18,34]. 

Investigations into a model of d-drug-related hepa- 
totoxicity made the surprising discovery that uridine 
was not only able to prevent cell death (an expected 
finding), bur also to prevent the onset of a severe 
mtDNA depletion and thereby normalize the synthesis 
of mtDNA-encoded respiratory chain subunits. This 
also normalized the rate of lactate production and the 
intracellular triglyeride content {36}. Importantly, 
uridine was only able to improve the mtDNA depletion 
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caused by pyrimidine NRTIs, not that caused by purine 
analogues such as ddl. 

The ability of uridine to antagonize the polymerase y 
inhibition by pyrimidine d-drugs may be explained by 
its ability to disrupt the following vicious circle (Figure 
3): as discussed above, polymerase y inhibition involves 
competition of NRTIs with the natural nucleotides as a 
first step. mtDNA depletion, respiratory dysfunction, 
DHODH inhibition and pyrimidine depletion ensue. 
The decrease in intracellular pyrimidines most prob- 
ably allows for a more efficient competition of the 
exogenous nucleoside analogue at polymerase y. Thus, 
a vicious circle is closed and drives the cell into further 
mtDNA depletion. We hypothesize that this circle is 
disrupted by supplying uridine as an exogenous source 
of intracellular pyrimidines. The data also suggest that 
the ability of uridine to abrogate mt toxicities was 
proportional to the concentration of uridine [33,34,36], 
underlining the hypothesis of a competitive process. 
Alternatively, uridine may compete with anti retroviral 
at steps of intracellular NRTl transport and phospho- 
rvlation. 

Most recendy, long-term exposure of adipocytes to 
d4T (10 pM), ddC (0.2 pM) or AZT (1 piVl) was 
shown to induce a lipoatrophic phenotype consisting of 
apoptosis, loss of lipids, mtDNA depletion, loss of 
mtDNA-encoded respiratory chain subunits and 
disruption of the mt membrane potential [37]. The 
addition of uridine (200 pM) completely abrogated all 
these effects on adipocytes. 
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Notably, Luidine was not only able to prevent the 
onset of mt toxicity but also to treat toxicities that were 
already established I'^tS^DS]. Interestingly, in the 
absence of uridine it took considerably longer for 
mtDNA depletion to develop (weeks), than it took for 
uridine to revert such mt toxicity (days) [361. This rela- 
tively quick therapeutic effect of undine relative to the 
more prolonged development of mr toxicities may 
allow for intermittent uridine dosing in order ro 'reset 
the mitochondrial clock'. 

Metabolism, pharmacokinetics and safety of 
uridine in humans 

Normal uridine concentrations range from 3-8 pM in 
human blood plasma, bone marrow and cerebrospinal 
fluid [38]. Although uridine is part of our everyday 
food, diet is not an important source of uridine [39,40]. 
Clinical studies and animal models suggest that undine 
is mostly produced in the liver and that erythrocytes 
serve as carriers for distributing the uridine throughout 
the body [38]. Exogenous uridine rapidly disappears 
from plasma {ty.^l min), reflecting a concentrative 
and, under physiological conditions, unsaturated entry 
into tissue cells, as well as catabolism by the liver [41 J. 
Subsequently, the tissue uridine pools turn over with 
half-lives of 13 to 18 h [41]. The physiological range of 
uridine in the human plasma was shown . not to 
completely satisfy the pyrimidine requirements of 
dividing cells, making some de novo synthesis necessary 
for optimal proliferation [42]. Circulating uridine may 
nevertheless be of physiological importance by allowing 
dividing cells to utilize their salvage pathway [42]. 

Uridine has several metabolic fates in the cell (Figure 
1). Exogenous uridine is rapidly incorporated into 
nucleotides in nucleated cells [43]. Uridine can be 
converted to dTPP and dCTP, which are used ro 
produce DNA. UTP is used for the synthesis of RNA. 
UTP can also be converted into CTP, which upon 
conjugation of lipids forms cellular membrane 
constituents such as CDP ethanolaminc. In the form of 
UDP sugars, uridine may help in the production of 
glycogen and in protein glycosylation. Uridine is 
degraded into beta-alanine, which can enter the tricar- 
boxilic acid cycle (See Figure 1 for abbreviations) [38 1. 

Pharmacokinetic and safety data for uridine were 
collected in several human Phase i and 2 trials. Parental 
administration of uridine as a 1 h infusion (8 g/m') 
resulted in plasma levels in the millimolar range, far 
above those required to abrogate NRTI-related mt toxi- 
city (441. Half-life, volume of distribution (634 ml/kg) 
and total clearance (4.98 ml/kg/min) of undine appear 
ro be independent of dose, whereas C^,,,, and AUC 
increase with dose in a linear fashion [44J. In subjects 
given uridine at doses of 2-12 g/m^ as a single Ih 



infusion, about a fourth of the administered dose was 
excreted in the urine [44]. Uracil, a uridine catabolite, 
accounted for 3% of the uridine dose [44]. These intra- 
venous doses were tolerated without side effects. 
However, transient fever, lasting for 15 min, occurred 
with higher doses [44,45|. Intermittent infusion sched- 
ules with 3 g/nr/h for 3 h, alternating with a 3-h treat- 
ment-free interval, resulted in plasma levels of 
138-335 pM during the treatment-free period and were 
tolerable over the 72-h study period [45]. Parenteral 
uridine necessitates central venous administration due 
to the onset of phlebitis if given through a peripheral 
vein |45]. Uridine can also be administered orally and is 
generally tolerated without any side effects. However, 
excessive oral dosing (12g/m-) is limited by mild and 
reversible osmotic diarrhoea due to the relatively poor 
bioavailability of uridine (7%) [46]. Using other pyrim- 
idine precursors, for example, triacetyluridine 
[34^47^4S] or inhibitors of uridine catabolism or excre- 
tion may also be envisaged [35,49,50]. 

Human uridine serum levels can now be effectively 
increased with mitocnol, a sugar cane extract with a 
high content (17%) of nucleosides [51]. 24-hour phar- 
macokinetic data indicate that consuming 36 g of a 
powder that contains mitocnol increases human 
uridine serum levels from baseline values (5.6 pM) to 
mean uridine serum concentrations (C„,, J of 152.0 pN4 
[51]. Adverse events were not observed. It is recom- 
mended that three sachets of mitocnol are taken on 
three consecutive days per month, taking into account 
the relatively quick improvement of mt toxicity from in 
vitro studies. 

In summary, tlie current data indicate that uridine 
concentrations that are protective in vitro can be safely 
achieved with oral and parenteral dosing. Oral uridine 
supplementation (150mg/kg/d) is also recommended 
and has been safely used long-term in patients with 
hereditary orotic aciduria, an inborn error of pyrimi- 
dine de novo synthesis, in which uridine reverses mega- 
loblastic anaemia and other symptoms [521. 

Interaction of uridine with antiretroviral 
nucleotides 

If uridine or its metabolites are able to compete with 
NRTls at the level of polymerase y, they may also do so 
at the level of HIV reverse transcriptase (RT), This 
poses a theoretical risk for the antiretroviral efficacy of 
nucleoside analogues. The efficiency of RT inhibition is 
dependent on the ratio between the normal deoxynu- 
cleoside triphosphates and the NRTI triphosphates at 
the enzyme. For example, mycophenolate mofetil, an 
inhibitor of purine synthesis, depletes intracellular 
deoxyguanosine triphosphate and decreases plasma 
HIV-1 RNA in patients treated with rhe guanosine 
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analogue abacavir [53,54]. Uridine may thus theoreti- 
cally have an opposite effect on RT by increasing the 
normal deoxypyrimidine triphosphates. 

Such an effect of uridine on the antiretroviral 
activity of pyrimidine analogues was first analysed with 
regard to AZT [341. Phenotypic HIV resistance assays 
demonstrated that uridine did not interfere with viral 
suppression [34 1. Importantly, uridine did not impair 
the antiretroviral activity even in a 10000-fold molar 
excess, whereas the maximal therapeutic effects of 
uridine were already achieved with a 10-fold molar 
surplus. Investigations in mice also came to the same 
conclusion [35]. 

The potential interference of uridine with the anti- 
retroviral activity of NRTls was also extensively exam- 
ined in phenotypic HIV resistance assays using 
nucleoside analogues alone and in combinations [55]. 
Both X-4 tropic and R-5 tropic HIV isolates were 
tested and three different detection systems including 
primary human peripheral blood mononuclear cells 
were used. Uridine was added in concentrations up to 
615 i-iM. Additionally, in these investigations no effect 
of uridine on NRTI-mediated viral suppression was 
detected. Enhancement of the normal intracellular 
pyrimidine stores therefore does not seem to have a 
crucial effect on HIV repHcation. 

Taken together, the data suggest that the interaction 
between uridine and NRTIs in the prevention of mt 
damage does not necessarily imply a reduced antiretro- 
viral efficacy. Explanations for this selectivity include a 
separate regulation of mt and cytoplasmic dNTP pools, 
either at the level of mt transport [56] or by the pres- 
ence of disparate kinases in both compartments [57]. 
The differential action of uridine on the mt and anti- 
retroviral replication enzymes may also be caused by 
differences between the polymerases in selecting the 
natural nucleotide over the activated NRTI. 

Uridine in HIV-infected patients 

The selective effect of exogenous uridine on NRTI- 
inhibited mtDN-A replication, but not on NRTI anti- 
retroviral action!,; implies that HIV-infected patients 
under treatment with pyrimidine NRTIs and suffering 
from mt toxicity may benefit from strategies aimed at 
increasing uridine. Mitocnol was used in an HIV 
patient with progressive hyperlactataemia, mt steato- 
hepatitis and symptoinatic elevation of creatine kinase 
(CK) under long-term antiretroviral treatment with 
d4T |58]. The patient was started on mitocnol (three 
sachets/day for four consecutive days). After 2 weeks, 
at his next visit, liver and muscle enzymes, as well as 
the myalgias had improved rapidly, despite unchanged 
medication. Lactate had normalized after 7 weeks and 
HIV replication remained below the limit of detection. 



d4T was then switched to tenofovir with no subsequent 
clinical or laboratory abnormalities. 

Mitocnol is now widely used in Germany. Several 
and in-part randomized and placebo-controlled clinical 
trials are currently being conducted to formally analyse 
whether mitocnol is able to prevent and treat mt toxic- 
ities such as lipoarrophy, polyneuropathy, hepatic 
steatosis and myopathy. Virological failure has not 
been reported (UA Walker, personal communication). 

Perspective 

The issues discussed above have several further impli- 
cations. Uridine supplementation may be used to 
enhance the therapeutic index of pyrimidine NRTIs 
and thus allow higher dosing to overcome multidrug 
resistance in salvage therapy. The available data also 
suggest the possibility of mtDNA depletion in blood 
[17,59,60]. If the detected mtDNA depletion in blood 
secondary to pyrimidine NRTIs indeed also reflects 
reduced mtDNA copy numbers in lytnphocytes and if it 
exceeded a certain threshold, it would have effects 
sirnilar to those of the direct DHODH inhibitor 
leflunomide and of inherited defects in pyrimidine 
synthesis. From the clinical experience with lefluno- 
mide as a licensed immunosuppressive antirheumatic 
drug, it could then be predicted that the mt toxicity in 
lymphocytes impairs the proliferation of lymphocytes 
in response to mitotic stimuli, interferes with CD4 
recovery and thus is immunosuppressive. Impaired cell- 
mediated immune responses and reduced CD4 and 
CDS lymphocyte subsets were also observed in several 
patients with an inherited defect in the de novo 
synthesis of pyrimidines; their immunodeficiency 
improved upon uridine therapy [52,61]. It was also 
shown that uridine antagonized the inhibition of 
lymphocytes by leflunomide [62,63]. Most recent in 
vitro and /// vivo observations in HiV patients also 
support the view of mt toxicity as being immunosup- 
pressive [11,64,65]. This also offers the potential for 
uridine to enhance the CD4 celt recovery of patients 
under antiretroviral treatment. 

Strategies aimed at increasing uridine also improved 
symptoms in patients harbouring a qualitative defect in 
mtDNA by carrying inherited mtDNA mutations [66], 
In patients with such mtDNA mutations, however, 
uridine would be predicted to ameliorate only one 
aspect of respiratory chain dysfunction, namely the 
consequences of DHODH inhibition and, in contrast 
with antiretroviral-treated HIV patients, not to 
improve the underlying mtDNA pathology. Therefore, 
patients with mtDNA mutations are likely to have a 
continued defect in ATP synthesis and hyperlac- 
tataemia under uridine. Further clinical data on this 
group of patients are eagerly awaited. 
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Many aspects of uridine are still poorly understood. 
For example, an oral dose of 300 mg three times daily 
for 6 months also improved diabetic neuropathy in a 
well-conducted trial [67]. Therapeutic uses of uridine 
were also proposed in cardiovascular disease, hyper- 
tension, liver disease and infertility, among others |38|. 

Until the data from formal clinical studies are avail- 
able, the risk-benefit calculation of using uridine in 
HIV-infected patients should be individualized. The 
current safety data justify the current use of uridine in 
individuals suffering from mt toxicity who are closely 
monitored and who cannot be switched to an anti- 
retroviral regimen with a lower potential of mt toxicity. 
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METHODS AND COMPOSITIONS FOR REDUCING TOXICITY ASSOCIATED 

WITH LEFLUNOMIDE TREATMENT 

Leflunomide is an isoxazole derivative which has shown therapeutic potential in a 
S diverse array of disease processes and conditions, e.g., as an antiinflammatory agent, an 
immunosuppressive agent, an anticancer agent and an antiviral agent. 

Leflunomide is currently approved in the United States for use in the treatment of 
rheumatoid arthritis to reduce joint inflammation. It is marketed under the trademark 
ARAVA®. 

10 U.S: Patent Nos. 5,624,946 and 5,688,824, incorporated herein by reference in their 

entirety, report that leflunomide has been used experimentally as an immunosuppressive 
agent in the treatment and prevention of chronic rejection in xenograft and allograft 
transplant recipients, both alone and in combination with other immimosuppressive agents. 
In addition to data suggesting its value in treating, preventing and reversing acute 

15 and chronic rejection, U.S. Patent Application U.S. 2003/01 14597, incorporated herein by 
reference in its entirety, reports that leflunomide has been shown to inhibit viruses of the 
Herpesviridae family in vitro, 

U.S. Patent No. 4,965,276 describes the use of leflunomide to treat chronic graft 
versus host disease and other autoimmune diseases such as systemic lupus erythematosus 

20 (SLE). Leflunomide has also been shown to exhibit antineoplastic activity against certain 
tumors (Xu X et al., Biochem, Pharmacol 1999; 58:1405) and may act by inhibiting tumor 
neoangiogenesis (Waldman WJ et al.. Transplantation 2001; 72:1578). 

Despite the reported therapeutic benefits of leflunomide in the treatment and 
prevention of these disease processes^ it has also been noted that administration of 

25 leflunomide may produce dose-limiting toxicity. Toxicity associated with high doses of 
leflunomide include anemia, diarrhea, and pathological changes of the small intestine and 
liver. In a study of the anti-cancer effects of leflunomide (inhibition of the oncogene 
product PDGF and PDGFr) observable beneficial effects were reported but the doses 
required for these effects produced unacceptable incidence of side effects, including severe 

30 weight loss, anorexia and anemia. (Ko, Yoo-Joung, et al. Clinical Cancer Research, 
2001;7:800-805) 

Recently, it has been suggested that uridine therapy reduces the toxicity of 
leflunomide without significantly impairing the control of allograft rejection afforded by 
leflunomide. The utilization of exogenous uridine occurs through the pyrimidine salvage 
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pathway in the face of the leflunomide's blockade of the de novo pathway. 
Notwithstanding the potential benefits of administration of exogenous uridine, therapeutic 
use of uridine is complicated by its poor bioavailability (about 8% - 10%), requiring high 
dose administration for effective therapy. Moreover, high doses of uridine may cause 
S gastrointestinal complications, including diarriiea, which are poorly tolerated in transplant 
patients dependent on intestinal function for therapeutic drug administration and which 
may exacerbate the diarrhea already caused by the leflunomide. 

The present invention relates to the surprising discovery that the use of orotic acid 
alleviates the toxicity typically observed with leflunomide administration. Orotic acid (also 

10 known as vitamin B13), an intermediate in the uridine synthetic pathway, appears to 
eliminate the pyrimidine deficiency caused by the malononitrilamides, metabolites 
(analogues of the active metabolite) of leflunomide, while avoiding the problems 
associated with uridine administration. 

Accordingly, the invention provides methods and compositions useful in 

15 alleviating or reducing toxicity associated with leflunomide administration without 
reducing its bioactivity, e.g., without reducing its immunosuppressive activity. The 
present invention uses a bioavailable pyrimidine compound to ameloriate the toxic effects 
(e.g., anemia, diarrhea, heptotoxicity) caused by leflunomide compounds. As a result, 
high doses of leflunomide compounds can be administered with minimal danger of 

20 toxicity, all the while maintaining the therapeutic efficacy of the leflunomide compound. 
Co-administration of a leflunomide compound with orally bioavailable pyrimidines, such 
as orotic acid, provides for treatment opportunities using leflunomide compounds 
previously believed to be toxic, e.g., the present invention provides methods of reducing 
the toxicity of A77 1726 (a metabolite of leflunomide) analogs (described hereinbelow) by 

25 co-administering a leflunomide compound and, e.g., orotic acid. In addition to orotic acid, 
it is contemplated that additional analogs and metabolites of orotic acid or other 
bioavailable pyrimidine compounds may be suitable. 

In one aspect, the invention provides pharmaceutical compositions particularly for 
oral administration. Such pharmaceutical compositions suitably include a leflunomide 

30 compound, a bioavailable, especially an orally bioavailable, pyrimidine compound or a 
salt thereof, and a pharmaceutically acceptable carrier. 

In another aspect, the invention provides a method of extending the dosage range 
of a leflunomide compound. The method involves co-administering to a subject, e.g., a 
manunal, an effective dose of a leflunomide compound and an orally bioavailable 
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pyrimidine compound or salt thereof, e.g., orotic acid. Thus, the invention provides a 
method of administering high doses of a leflunomide compound without developing, i.e., 
reducing, toxicity resulting from leflimomide administration, which method comprises 
administering to a mammal, e.g., a human, treated with a leflimomide compound an 
5 effective amount of a bioavailable pyrimidine compound. 

The invention further provides methods of prevention or treatment of certain 
disease states or processes that are suitably treated with a leflunomide compound. Such 
disease states or conditions include transplant rejection. 

The invention will now be described in detail, those skilled in the art will 

10 appreciate that such a description of the invention is meant to be exemplary only and 
should not be viewed as limitative of the full scope thereof 

The following definitions used in the art may be useful in aiding the skilled 
practitioner in understanding the invention. 

"Ameliorating" means observably reducing, alleviating, inhibiting or diminishing 

1 S any undesirable effect or symptom of a condition or process associated with a disease state 
or any undesirable effect of a treatment of a disease state. For example, "amelioration of 
the effects of pyrimidine biosynthesis inhibition" may refer to any observable reduction in 
side effects caused by pyrimidine biosynthesis inhibition. Suitably, at least a 50% 
reduction in symptoms or side effects may be observed. 

20 The term "co-administration" includes administration of two or more agents in a 

single unitary dosage form, administration of agents concurrently, and administration of 
agents sequentially, as long as they are given in a manner sufficient to allow both agents to 
achieve effective concentrations in the body. The agents may be in an admixture, as, for 
example, in a single tablet, or simply given concurrently. The agents may also be 

25 administered by different routes, e.g., one agent may be administered intravenously while 
the second agent is administered orally. In sequential administration, one agent may 
directly follow administration of the other or the agents may be administered episodically, 
i.e., one can be given at one time followed by the other at a later time. 

An "effective amount" of a compound, as used herein, means that amount of the 

30 compound or composition administered to a subject which is effective to produce its 
intended function, e.g., in one embodiment of the invention, prevention of transplant 
rejection. Thus, a "therapeutically effective amount" is an amount effective to produce 
therapeutic results. A "toxicity-reducing effective amount" is an amount effective to 
reduce toxicity. Typically, administration of effective amounts to a subject results in 
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observable amelioration of undesirable effects or symptoms of the condition or disease 
process which the subject is being treated. 

"Extending a dosage range" refers to providing a means by which greater doses of 
an agent may be admiiustered to a subject to increase therapeutic effectiveness. Typically, 
5 extending a dosage range is useful, e.g., when efficacy of an agent is dose dependent but 
increased doses of the agent also leads to dose dependent toxicity. Alternatively, the term 
"extending a dosage range" may refer to administering agents believed to be toxic at any 
dosage. 

A "leflunomide compound" refers generally to leflunomide, its analogs, its 
10 metabolites and analogs thereof. 

Leflunomide is an isoxazole derivative with a chemical name of N-(4- 
trifIuoromethylphenyl)-5-methylisoxazol-4-carboxamide having the following chemical 
fonnula (I): 




15 

Analogs of leflunomide which may be useful in the practice of the methods of the 
invention may be represented by fonnula (II): 




wherein R| and R2 are independently selected from the group consisting of -CF3, -H, -CI, 
20 -F, -Br, -CN, -COOH. -OCH3. ->fH-C0-CH2Cl and NH-CO-CHzBr. (See, e.g.. U.S. 
Patent Nos. 4,087,535; 6,133,301; and 6,727,272) 
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Leflunomide's active metabolite is referred to as "A77 1726" (2 cyano-3hydroxy- 
N-(4-trifluromethylphenyl)-buteneamide). After administration, leflunomide is n^}idly 
converted to its active open-ring form, A77 1726, and is shown herein as formula (III): 



Ni 




a 




(HI) 




This compound, a member of the malononitrilamide class of compounds, spears to 
accoimt for leflunomide's activity and toxicity. Although its mechanism of action is not 
completely understood and wishing not be bound of any particular theory, A77 1726 is 
believed to exhibit at least two biochemical activities in vivo: inhibition of dihydroorotic 

10 acid dehydrogenase (DHODH) in the de novo synthesis of pyrimidine nucleotide 
triphosphates; and inhibition of selected tyrosine kinases involved in T-cell, B-cell, 
vascular smooth muscle cell, endothelial cell, fibroblast and tumor cell signaling cascades. 
A77 1726 also has been reported to block NFkB and AP-1 activation in peripheral blood 
lymphocytes in vitro. Additional mechanisms remain to be discovered. 

15 Suitable malononitrilamide compounds which are analogs of A77 1726 may be 

useful in the practice of the methods of the invention and may be represented by formula 
(IV): 




(IV) 



wherein Rj and R2 are independently selected from the group consisting of -CF3, -H, -CI, 
20 -F, -Br, -CN, -COOH. -OCH3, -NH-CO-CH2CI and NH-CO-CHaBr and wherein R3 is 
selected from the group consisting of C1-5 alkyi, C2.5 alkenyl, C2.5 alkynyl, and C3-6 
cycloalkyl. Compounds of formula (IV) include FK7778 and FK779 wherein R| is -H, R2 
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is -CF3 and R3 is butynyl (i.e., 2-cyano- 3-hydroxy-N-[4-(lufluaromethyl) phenyl]-2- 
hepten-6-ynoic acid amide) and Ri is -H, R2 is cyano and R3 is cyclopropyl (i.e.. 2-cyano- 
3-hydroxy-3-cyclopropyl-N-(4-cyanophenyl)-propenic acid amide), respectively. 

In some embodiments of the methods of the invention, the leflunomide compound 
5 is administered as a prodrug to subjects and subsequently converted in vivo to its active 
malononitrilamide compound, defined above. It is contemplated, however, that the 
malononitrilamide compound may also be directly administered, and the term 
**leflunomide compound", as defined above, also refers to malononitrilamide compounds. 
It is to be understood that discussion herein regarding leflunomide compound 
10 administration is meant to be inclusive of malononitrilamide compound administration, as 
appropriate. 

Leflunomide and its analogs can be prepared by known methods such as those 
described in U.S. Patent No. 6,723,855; U.S. Patent No. 6,727,272; U.S. Patent No, 
6,133,301; U.S. Patent No. 5,905,090; U.S. Patent No. 4,087,535; U.S. Patent No. 

15 4,351,841; and U.S. Patent No. 4,965,276, all of which are incorporated herein by 
reference in their entireties. Leflunomide is also commercially available from chemical 
suppliers, such as SynQuest Corp. (Chicago, Illinois). 

As used herein, **bioavailable" in reference to a pyrimidine compound is one that is 
at least about 20% bioavailable after administration. "Orally bioavailable" in reference to 

20 a pyrimidine compound is a compound that is at least about 20% bioavailable afler oral 
administration. 

The phrase "pharmaceutically acceptable carrier,'* as used herein, means a 
phanmaceutically-acceptable material, composition or vehicle, such as a liquid or solid 
filler, diluent, excipient, solvent or encapsulating material, involved in carrying or 

25 transporting the subject chemical from one organ, or portion of the body, to another organ, 
or portion of the body. Each carrier must be "acceptable" in the sense of being compatible 
with the other ingredients of the formulation and not injurious to the subject. Some 
examples of materials which can serve as pharmaceutically-acceptable carriers include: (I) 
sugars, such as lactose, glucose and sucrose; (2) starches, such as com starch and potato 

30 starch; (3) cellulose, and its derivatives, such as sodium carboxymethyl cellulose, ethyl 
cellulose and cellulose acetate; (4) powdered tragacanth; (5) malt; (6) gelatin; (7) talc; (8) 
excipients, such as cocoa butter and suppository waxes; (9) oils, such as peanut oil, 
cottonseed oil, safflower oil, sesame oil, olive oil, com oil and soybean oil; (10) glycols, 
such as propylene glycol; (11) polyols, such as glycerin, sorbitol, maruiitol and 
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polyethylene glycol; (12) esters, such as ethyl oleate and ethyl laurate; (13) agar; (14) 
buffering agents, such as magnesium hydroxide and aluminum hydroxide; (15) alginic 
acid; (16) pyrogen-free water; (17) isotonic saline; (18) Ringer's solution; (19) ethyl 
alcohol; (20) phosphate buffer solutions; and (21) other non-toxic compatible substances 

5 employed in pharmaceutical formulations. Wetting agents, emulsifiers and lubricants, such 
as sodium lauryl sulfate and magnesium stearate, as well as coloring agents, release 
agents, coating agents, sweetening, flavoring and perfuming agents, preservatives and 
antioxidants can also be present in the compositions. 

As used herein, '*preventing," "reducing risk" or **reduced risk" as it applies to a 

10 particular condition or disease process, refers to observable results which tend to 
demonstrate that a particular treatment or treatment regimen has resulted in a significant 
decrease in incidence of the condition or disease process in a treated population, as 
compared to an untreated or control population. Suitably, risk is reduced, or a condition is 
prevented, if at least 50% of the Ureated population are not afflicted. 

15 As used herein, a "pyrimidine compound" refers to a compound that is 

bioavailable, especially orally bioavailable, and useful either directly or as intermediates in 
pathways for supplying pyrimidine nucleotides. A suitable pyrimidine compound is, e.g., 
orotic acid. Other suitable pyrimidine compounds include orotic acid salts, triacetyl 
uridine and salts thereof, cytidine, acylated cytidine and salts thereof 

20 It is to be understood that the phrase "a salt thereof," when used herein to refer to 

pharmaceutical compositions, means physiologically compatible salts which are 
phannaceutically acceptable. Examples of suitable salts are alkali metal (e.g., sodium), 
alkaline earth metal (e.g., calcium, magnesixmi) and anmionium salts, including those of 
physiologically tolerated organic anmionium bases. 

25 As used herein, the term "treating" means observably reducing any undesirable 

effect or symptom of a condition or process associated with a disease state or any 
undesirable effect of a treatment of a disease state. Suitably, at least a 50% reduction in 
symptoms or side effects may be observed in a treated subject. 

It also is specifically understood that any numerical value recited herein includes 

30 all values from the lower value to the upper value, i.e., all possible combinations of 
numerical values between the lowest value and the highest value enumerated are to be 
considered to be expressly stated in this application. For example, if a concentration range 
is stated as 1% to 50%, it is intended that values such as 2% to 40%, 10% to 30%. or 1% 
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to 3%, etc., are expressly enumerated in this specification. These are only examples of 
what is specifically intended. 

In one embodiment, the present invention provides an effective method for 
reducing the risk of toxicity of leflunomide compounds used for the treatment of transplant 
5 rejection. Particularly, the present invention relates to therapeutic methods for 
ameliorating the risk of toxic side effects of a leflunomide compound, and thus permitting 
extending dosing of such compounds. The present invention provides treatment of a 
patient suffering from the toxic side effects of a leflunomide compound with an orally 
bioavailable pyrimidine compound based on a novel treatment protocol The pyrimidine 

10 compound is suitably orotic acid, a salt thereof (e.g., sodium orotate), or a triacetyluridine. 
The pyrimidine compoimd is provided to the patient to significantly reduce the toxic 
effects of a leflimomide compound, e.g., anemia and diarrhea resulting in reduced 
hematocrit and weight loss. These attributes are achieved through specific properties of 
the pyrimidine compoimds and the novel treatment protocol as described herein. 

IS A suitable pyrimidine compound is orotic acid. Orotic acid is found in small 

concentrations in the blood of healthy individuals. Elevated levels appear to be fi-ee of any 
appreciable complications in humans and animals. Several conditions are known, 
however, in which orotic acid levels in the blood are elevated, e.g., in urea synthesis 
defects, in individual Hereditary Oroticaciduria treated with uridine for years, and in 

20 patients receiving allopurinol, without recognized specific damage. In addition, it is 
recognized that blood levels of orotic acid are elevated several fold in renal failure without 
specifically recognized toxicity. 

Orotic acid may be prepared by condensation of urea with the monoethyl ester of 
oxalacetic acid in methanol. Other preparation methods, including those utilizing 

25 biotechnological methods known in the art, are also suitable. Orotic acid may be 
administered in its free acid form, or may be administered as a pharmaceutically 
acceptable salt. Examples of suitable salts are alkah metal (e.g., sodium orotate), alkaline 
earth metal (e.g., magnesium orotate or calcium orotate) and ammonium salts, including 
those of physiologically tolerated organic ammonium bases. Orotic acid is also 

30 commercially available from chemical suppliers, such as Aldrich (Milwaukee, Wisconsin). 

Also included among the bioavailable pyrimidine compounds of the invention are 
those comprising certain known acyl derivatives of uridine, i.e., acylated uridines, e.g., 2\ 
3\ 5*-tri-0-acetyl uridine (or triacetyluridine (TAU)), 2', 3', 5'-tri-0-propionyl uridine, or 
2\ 3\ 5*-tri-0-butyryl uridine. TAU, for example, is orally bioavailable. TAU and other 
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acyl derivatives of uridine can be made by methods known in the art (see, e.g., U.S. Patent 
No. 6,316,426; U.S. Published Patent Application 2002/0035086 and references cited 
therein, all of which are incorporated herein by reference); TAU is also commercially 
available through SP-Chemicals, Ludwigshofen, DK. 
5 The pyrimidine compounds of the invention also include cytidine and certain acyl 

derivatives of cytidine, i.e., acylated cytidines, e.g., 2\ 3\ 5 -tri-O-acetyl cytidine (or 
triacetylcytidine. or TAG), 2\ 3'. 5*-tri-0-propionyl cytidine, or 2\ 3\ 5*-tri-C-butyryl 
cytidine. TAG and other acyl derivatives of cytidine can be made by methods known in 
the art (see, e.g., U.S. Published Patent Application 2002/0035086 and references cited 

10 therein, all of which are incorporated herein by reference). 

Suitably, the pyrimidine compound may be administered in an amount that is 
approximately that which is needed to provide the daily pyrimidine synthesis requirements 
minus what is provided through the salvage pathway. The total pyrimidine synthesis in 
adult humans is estimated to be from about 4 mmol/day to about 12 mmol/day, or about 

1 5 450 to about 700 mg of uridine per day. (Bono VH, Weissman SM, Frei E. The effect of 6- 
azauridine administration on de novo pyrimidine production in chronic myelogenous 
leukemia. J Clin Invest 1964; 43:1486; Smith LH Jr. Pyriffiidine Metabolism in Man. 
New Engl J of Med 1973; 288:764-772.) For orotic acid, this would amount to 
approximately 1000 mg per day. It is not believed to be necessary, however, to provide 

20 the entire daily supply of pyrimidine since the salvage pathway provides some of the total. 
It is believed that the bioavailability of orotic acid is approximately 50%. Therefore, for 
oral administration in an adult, an effective amount of orotic acid would be about 500 mg 
to about 2,000 mg per day. A similar dosing is contemplated for TAU, 

For patients being treated with a leflunomide compound, the targeted blood level of 

25 active metabolite (A77 1726) is suitably between about 50 ^lg/mL and about 100 |ig/mL. 
The maintenance dose may be adjusted by one of ordinary skill in the art to attain the 
desired blood level range of active metabolite. If pyrimidine deficiency is prevented with 
co-administration of a pyrimidine compound, the targeted blood level of active metabolite 
may be substantially higher, e.g. about 200 ^g/mL or about 600 |iM. 

30 Mammalian transplant recipients, such as kidney recipients and bone marrow 

recipients, may be suitably treated in accordance with the present invention. Typically, a 
human transplant recipient is administered a leflunomide compound at a dose of about 100 
mg per day for five days, and then 40 mg per day thereafter as a maintenance dose. The 
co-administration of the leflunomide compound and a pyrimidine compound will extend 
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the therapeutic dose of the leflunomide compound to more than 200 mg/patient/day. This 
method will prevent the development of or reduce the risk of toxicity (e.g., anemia, 
diarrhea, hepatotoxicity) and will result in achieving concentrations of the leflunomide 
compounds that can suppress rejection. It is expected that the use of this methodology will 

5 allow up to 10- fold or higher increase in dosage level of leflunomide compounds with 
minimal danger of developing toxicity to the patient. In other words, the present invention 
provides a method of administering a toxic dose of a leflunomide compound by 
administering an effective amount of a pyrimidine compound. By *'toxic dose" or "high 
dose'* is meant a dose of the leflunomide compound which when administered to a 

10 manmial such as a human often results in the toxic effects, e.g., anemic and diarrhea as 
well as other pathological changes. In humans, a high dose may be more than 200 mg per 
day. 



of the bioavailable pyrimidine compounds are co-administered to subjects with allografts 
15 or xenografts, thereby ameloriating the toxic effects of the leflunomide compounds, i.e., 
weight gain is promoted and hematocrit maintained, with significantly less risk of toxicity 
than is observed after the same amount of leflunomide compound alone is administered. 
The risk of toxicity, associated with the administration of high doses of leflunomide 
compounds, is lowered by co-administering the leflunomide with a pyrimidine compound, 
20 especially an orally bioavailable pyrimidine compound. Thus, the combination ther^y for 
use in accordance with the present invention provides an improved therapeutic index 
relative to leflunomide compounds alone given in conventional protocols. The treatment 
protocol in accordance with the present invention provides reduced risk of toxicity, (e.g., 
improved weight gain and hematocrit) i.e., little or no clinical symptoms or signs of 
25 toxicity. 

The pyrimidine compounds of the present invention given in the illustrated dosing 
regimen, thus, overcome the toxicities of leflunomide compounds and can be considered 
beneficial agents for the control and treatment of toxicity associated with treatment with 
leflunomide compounds. In such combination therapy, the leflunomide compound may be 
30 co-administered with the pyrimidine compound concurrently, sequentially, or in a unitary 
fomiulation. For efficiency, ease of administration and patient compliance, the latter is 
especially suitable. 

A phannaceutical composition of a leflunomide compound and a bioavailable 
pyrimidine compound is suitably fonnulated in unit dosage form of about 500 mg to about 



In administration of leflunomide compounds, toxicity-reducing effective amounts 
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2000 mg of pyrimidine compound and about 20 mg to about 100 mg of leflunomide 
compound. Lower doses of pyrimidine compound may be adequate for children or 
individuals with reduced clearance of pyrimidines, such as individuals with reduced 
kidney function or other conditions that might reduce pyrimidine elimination. 
5 The dosage form of compositions of the invention is not particularly limited, and 

any form suitable for oral administration may be used in accordance with standard 
formulation procedures known in the art. Examples of dosage forms suitable for oral 
administration include, but are not limited to, solid formulations and aqueous 
formulations. Solid formulations suitable for oral administration include capsules, tablets, 

10 powders or granules, and may include excipients such as lactose, glucose, sucrose or 
mannitol; a disintegrator such as starch or sodium alginate; a lubricant such as magnesium 
stearate or talc; a binder such as polyvinyl alcohol, hydroxypropylcellulose or gelatin; a 
surfactant such as fatty acid ester; and a plasticizer such as glycerine, and the like. 
Aqueous formulations suitable for oral administration include solutions, emulsions, syrups 

15 and suspensions. Such formulations may also include sugars such as sucrose, sori)itol or 
fructose; glycols such as polyethylene glycol or propylene glycol, oils such as sesame oil, 
olive oil or soybean oil, antiseptics such as p-hydroxybcnzoate, and flavors such as 
strawberry and peppermint. 

While, perhaps, less convenient than an oral formulation, it is also contemplated 

20 that the compositions may be formulated for rectal administration in accordance with 
standard formulations procedures known in the art. Examples of dosage forms suitable for 
rectal administration include solid suppositories, mucoadhesive suppositories, solutions, 
suspensions, retention enemas, gels, forms and ointments. 

It is further contemplated that a dosage form of the compositions in accordance 

25 with the present invention may be formulated for immediate release, delayed release or 
controlled release. Many controlled release systems are known in the art (see e.g., U.S. 
Patent 5,529,991). Sustained, controlled or directed release compositions can be 
formulated, e.g., in liposomes, via laser originated openings or those wherein the active 
compound is protected with differentially degradable coatings, such as by 

30 microencapsulation, multiple coatings, etc. 

For example, in diffiisional systems, the release rate of drugs is affected by their 
rate of diffusion through a water-insoluble polymer. There are generally two types of 
diffusional systems, formulations in which a core of drug is surrounded by polymeric 
membrane; and matrix devices in which dissolved or dispersed drug is distributed 
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substantially uniformly and throughout an inert polymeric matrix. In actual practice, many 
systems that utilize diffusion can also rely to some extent on dissolution to determine the 
release rate. 

Coirmion materials used as the membrane barrier coat, alone or in combination, 
S include but are not limited to, hardened gelatin, methyl and ethyl-cellulose, 
polyhydroxymethacrylare, polyvin)iacetate, and various waxes. 

In matrix systems, three major types of material are frequently used in the 
preparation of the matrix systems which include insoluble plastics, hydrophilic polymers, 
and fatty compounds. Plastic matrices which have been employed include methyl 

10 acrylate-methyl methacrylate, polyvinyl chloride and polyethylene. Hydrophilic polymers 
include methyl cellulose, hydroxypropylcellulose, hydroxpropyl-ethylcellulose, and its 
derivatives and sodium carboxy-methylcellulose. Fatty compounds include various waxes 
such as camauba wax, and glyceryl tristearate. These matrix systems are prepared by 
methods well known to those skilled in the art. These methods of preparation generally 

15 comprise mixing the drug with the matrix material and compressing the mixture into a 
suitable pharmaceutical layer. With wax matrices, the drug is generally dispersed in 
molten wax, which is then congealed, granulated and compressed into cores. 

The most common method of microencapsulation is coacervation, which involves 
addition of a hydrophilic substance to a colloidal dispersion. The hydrophilic substance, 

20 which operates as the coating material, is selected from a wide variety of natural and 
synthetic polymers including shellacs, waxes, starches, cellulose acetates, phthalate or 
butyrate, polyvinyl-pyrrolidone, and polyvinyl chloride. After the coating material 
dissolves, the drug inside the microencapsule is immediately available for dissolution and 
absorption. Drug release, therefore, can be controlled by adjusting the thickness and 

25 dissolution rate of the coat. For example, the thickness can be varied from less than one 
|j.m to 200 ^m by changing the amount of coating material from about 3 to 30 percent by 
weight of the total weight. By employing different thicknesses, typically three of four, the 
active agent will be released at different, predetermined times to afford a delayed release 
effect. 

30 Approaches to further reducing the dissolution rate include, for example, coating 

the drug with a slowly dissolving material, or incorporating the drug into a formulation 
with a slowly dissolving carrier. Thus, encapsulated dissolution systems are prepared 
either by coating particles or granules of drug with varying thickness or slowly soluble 
polymers or by microencapsulation. 
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While it is contemplated that a unitary oral formulation containing both a 
leflunomide compound and a bioavailable pyrimidine compound provides ease of 
administration and patient compliance, it is also understood that the compounds may be 
administered separately but packaged together, e.g., in a blister pack, with instructions for 
S administration. 

Although examples of suitable dosage ranges are provided, it will be appreciated 
that the specific dosages administered in any given case will be adjusted in accordance 
with the specific compounds being administered, the disease to be treated, the condition of 
the subject and other relevant medical factors that may modify the activity of leflimomide, 

10 the response of the subject or the amount of bioavailable pyrimidine compound needed, as 
is well known by those skilled in the ait. For example, the specific dose for a particular 
patient depends on age, body weight, general state of health, diet, the timing and mode of 
administration, the rate of excretion, and medicaments used in combination and the 
severity of die particular disorder to which the therapy is applied. Dosages for a given 

15 patient can be determined using conventional considerations, e.g., by customary 
comparison of the differential activities of the subject compounds and of a known agent, 
such as by means of an appropriate conventional pharmacological protocol. 

The following examples are provide to assist in a further understanding of the 
invention. The particular materials and conditions employed are intended to be further 

20 illustrative of the invention and are not limiting upon the reasonable scope thereof 

Example 1 : Effect of orotic acid administratioa on efficacy of leflunomide in the 

treatment of acute rejection 

Lewis Rats which received heart transplants ftom Brown-Norway rats were 
observed for graft survival and inflammation (scored on a 0-3 scale, with 0 being no 
25 inflammation). Treatments included 0, 5, 10 or IS mg/kg of leflunomide in combination 
with 0 or 100 mg/kg orotic acid. The results are tabulated below. 
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Number 


Dose leflunomide 


Dose orotic acid 


Graft survival 


Inflammation 


animals 


(mg/kg/day) 


(mg/kg/day) 


(days) 


score(Mean) 
(0-3) 


8 


0 


0 


6.9 


3.0 


8 


5 


0 


>30 


2.0 


5 


5 


100 


>30 


2.3 


5 


10 


0 


>30 


1.7 


5 


10 


100 


>30 


1.8 


5 


15 


0 


>30 


1.5 


5 


15 


100 


>30 


1.6 



Administration of leflunomide reduced the intensity of the rejection reaction, as 
S shown by the inflammation score, in a dose-related fashion. Orotic acid did not 
significantly affect the efficacy of leflunomide to reduce the intensity of the rejection 
reaction. 



Example 2: EfTect of orotic acid on leflunomide toxicity as measured by changes in 

body weight 

10 As noted previously, the most observed symptoms of experimental leflunomide- 

induced toxicity are anemia and diarrhea resulting in weight loss or reduced weight gain. 
Lewis rats with either an allograft or xenograft weighing between 200 and 235 grams were 
divided into four treatment groups. Each group received 30 mg/kg/day of leflunomide, a 
high, toxic dose: Group I received leflunomide only; Group 11 received leflunomide plus 

15 36 mg/kg/day of sodium orotate by gavage; Group in received leflunomide plus 100 
mg/kg/day of orotic acid by gavage; and Group IV received 250 mg/kg/day of uridine by 
IP injection. Weight of each rat was measured at week 1 and week 4 post commencement 
of therapy. The results are tabulated below. 



GROUP I Geflunomtde only) 



Treatment-dosage 
(mg/kB/day) 


Weigiit at Week 1 

Grams 


Weigiit at Week 4 
grams 


Change in body 
weight 


L30 


234 


246 


13 


L30 


211 


236 


25 


L30 


241 


237 


-4 


L30 


253 


264 


11 


L30 


246 


255 


9 


L30 


203 


253 


50 


Mean: 20.8 



20 
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GROUP II 



Treatmeot-dosage 
(mg/kg/day) 


Weight at Week 1 
Grams 


Weight at Week 4 
grams 


Change in body 
weight 


L30 + 036 


270 


266 


-4 


L30 + 036 


244 


235 


-9 


L30 + 036 


250 


218 


-32 


L30 + 036 


205 


267 


62 


L30 + 036 


198 


240 


42 


L30 + 036 


211 


262 


51 


Mean: 18.3 


GROUP in 


Treatment-dosage 
(me/ke/day) 


Weight at Week 1 
Grams 


Weight at Week 4 
grams 


Change in body 
weight 


L30 + OlOO 


210 


250 


40 


L30 + OlOO 


208 


265 


57 


L30 + O100 


209 


250 


41 


L30 + OlOO 


207 


271 


66 


L30 + O100 


210 


268 


58 


L30 + O100 


197 


258 


61 


Mean: 53.7 


GROUP IV 


Treatment-dosage 
(mg/kg/day) 


Weight at Week 1 
Grams 


Weight at Week 4 
grams 


Change in body 
weight 


L30 + U250 


207 


231 


24 


L30 + U250 


204 


242 


38 


L30 + U250 


208 


230 


22 


L30 + U250 


197 


241 


44 


L30 + U250 


204 


272 


68 


L30 + U250 


211 


275 64 


Mean: 43.3 



* L30 refers to administration of 30 mg/kg per day of leflunomide; 036 refers to 36 mg/kg 
per day of orotic acid; OlOO refers to 100 mg/kg per day of orotic acid; and U250 refers to 
250 mg/kg per day of uridine given IP, 



The results showed that the use of a combination of leflunomide and orotic acid or 
10 a salt thereof significantly improved weight gain compared to use of leflunomide alone. 

Example 3: Effect of orotic acid on leflunomide toxicity as measured by hematocrit 

The experiment of Example 2 was repeated in Lewis rats and the hematocrit 
measured weekly for four weeks. The rats receiving treatment were divided into five 
groups wherein each group received 30/mg/kg/day leflunomide, a toxic, high dose. Group 
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I received leflunomide only. Group II received the leflunomide dose plus 36/mg/kg/day of 
sodium orotate; group III received the leflunomide dose plus lOOmg/kg/day of sodium 
orotate; group IV received the leflunomide dose plus 88mg/kg/day of orotic acid; and 
group V received the leflunomide dose plus 250mg/kg/day of uridine given IP. A baseline 
5 hematocrit was measured, and hematocrits of each rat were measured at weeks 1 -4 post 
commencement of therapy. The results are tabulated below. 



GROUP I 



Treatment- 


Hct 


Hct 


Hct 


Hct 


Hct 


dosage 


WeekO 


Weekl 


Week 2 


Week 3 


Week 4 


(mg/kfi/day) 












L30 


51 


47 


39 


31 


17 


L30 


57 


52 


46 


33 


20 


L30 


54 


55 


54 


37 


30 


L30 


55 


49 


48 


33 


24 


L30 


52 


50 


46 


37 


22 


L30 


53 


53 


44 


41 


30 


Mean: 23.8 



GROUP U 



Treatment- 


Hct 


Hct 


Hct 


Hct 


Hct 


dosage 


WeekO 


Weekl 


Week 2 


Week 3 


Week 4 


(mg/kg/day) 












L30 + 036 


53 


50 


48 


39 


20 


L30 + O36 


57 


50 


49 


32 


14 


UO + 036 


53 


51 


39 


27 


10 


L30 + 036 


54 


52 


49 


47 


44 


L30 + 036 


51 


53 


40 


36 


35 


L30 + 036 


52 


49 


44 


30 


20 


Mean: 23.8 



GROUP HI 



Treatment- 


Hct 


Hct 


Hct 


Hct 


Hct 


dosage 


WeekO 


Week 1 


Weekl 


Week 3 


Week 4 


(mg/kg/day) 












L30 + O100 


53 


48 


43 


41 


32 


L30 + O100 


52 


49 


51 


46 


44 


L30 + O100 


51 


46 


44 


42 


45 


L30 + OlOO 


57 


53 


50 


41 


33 


L30 + O100 


51 


49 


46 


34 


22 


L30 + OlOO 


52 


51 


53 


43 


46 


Mean: 37 
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GRoup rv 



Treatment- 


Hct 


Hct 


Hct 


Hct 


Hct 


dosage 


WeekO 


Weekl 


Week 2 


Weeks 


Week 4 


(mg/kB/day) 












L30 + U250 


52 


47 


48 


50 


46 


L30 + U250 


56 


50 


51 


51 


49 


L30 + U250 


54 


46 


43 


41 


25 


L30 + U250 


51 


51 


48 


38 


24 


L30 + U250 


53 


49 


54 


51 


44 


UO + U250 


54 


54 


49 


43 


38 


Mean: 37.7 



GROUP V 



Treatment- 


Hot 


Hct 


Hct 


Hct 


Hct 


dosage 


WeekO 


Weekl 


Weekl 


Week 3 


Week 4 


(tng/kg/day) 












L3(H- OA88 


56 


50 


53 


52 


50 


L3(>^- OA88 


54 


51 


54 


52 


54 


U(H- OA88 


52 


49 


44 


38 


32 


Mean: 45.3 



The results demonstrated that use of the combination of leflunomide and orotic 
acid or sodium orotate, provided significantly higher hematocrits than in the use of 
leflunomide alone. 

As used in this specification and the appended claims, the singular forms "a," *'an,'' 
10 and "the" include plural referents unless the content clearly dictates otherwise. Thus, for 
example, reference to a composition containing "a pyrimidine compound" includes a 
mixture of two or more pyrimidine compounds. It should also be noted that the term "or" 
is generally employed in its sense including "and/or" unless the content clearly dictates 
otherwise. 

IS All publications, patents and patent applications referenced in this specification are 

indicative of the level of ordinary skill in the art to which this invention pertains. All 
publications, patents and patent appUcations are herein expressly incorporated by reference 
to the same extent as if each individual publication or patent application was specifically 
and individually indicated by reference. In case of conflict between the present disclosure 

20 and the incorporated patents, publications and references, the present disclosure should 
control. 
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The invention has been described with reference to various specific embodiments 
and techniques. However, it should be understood that many variations and modifications 
may be made while remaining within the spirit and scope of the invention. 

5 
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We claim: 



1. A phannaceutical composition in unit dosage form for oral administration 
5 comprising an effective amount of a leflunomide compound; and an orally 

bioavailable pyrimidine compound, salts thereof or a combination thereof; together 
in a phaimaceutically acceptable carrier. 

2. The composition of claim 1 wherein the pyrimidine compound is orotic acid, a salt 
thereof, triacetyluridine, a salt thereof, cytidine, a salt thereof, an acylated cytidine, 

10 a salt thereof, or a combination thereof. 

3. The composition of claim 1, wherein the unit dosage contains 500 mg to 2000 mg 
of pyrimidine compound. 

4. The composition of claim I , wherein the leflunomide compound is leflunomide, 
A771726 or FK778. 

15 5. The composition of claim 1, wherein the composition is formulated for controlled 

release. 

6. The composition of claim 1, wherein the composition is formulated for rectal 
administration. 

7. A pharmaceutical composition comprising a formulation for oral administration, 
20 the formulation comprising a therapeutically effective amount of leflunomide, and 

orotic acid or a salt thereof, and a pharmaceutically acceptable carrier. 

8. A method of reducing toxicity associated with administration of a leflunomide 
compound to a patient in need thereof, comprising administering to the patient a 
toxicity-reducing amount of a bioavailable pyrimidine compound. 

25 9. The method of claim 8, wherein the pyrimidine compound is orotic acid, a salt 

thereof, triacetyaluridine, a salt thereof, cytidine, a salt thereof, an acylated 
cytidine, a salt thereof, or a combination thereof. 

1 0. The method of claim 8, wherein the pyrimidine compound is administered orally. 
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The method of claim 8, wherein the pyrimidine compound is administered in a 
daily dosage of from about 500 mg to about 2000 mg. 

The method of claim 8, wherein the pyrimidine compound is co-administered 
substantially simultaneously with the leflunomide compound. 

The method of claim 8, wherein the patient is a recipient of a transplant. 

The method of claim 13, wherein the transplant is an allograft or a xenograft. 

The method of claim 13. wherein the transplant is a heart, a kidney or bone 
marrow. 

The method of claim 8, wherein the leflunomide compound is selected from a 
compound having 

a) formula (II): 




(11) 

wherein Ri and R2 are independently selected from the group consisting of -CF3, -H, -CI, 
-F, -Br, -CN, -COOH, -OCH3, -NH-CO-CH2CI and -NH-CO-CHiBr; 
15 or formula (IV): 




11. 

12. 

5 13. 
14. 
15. 

16. 

10 
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wherein Ri and Rz are independently selected from the group consisting of -CF3, -H, -CI, 
-F, -Br, -CN, -COOH, -OCH3, -NH-CO-CH2CI and -NH-CO-CH2Br, and R3 is selected 
from the group consisting of C 1.5 alkyl, C2.5 alkenyl, €2-5 aikynyl, and Cj^ cycloaikyl. 

17. A method of extending the dosage range of a leflunomide compound comprising 
co-administering to a subject: 

a) an effective amount of a leflunomide compound of formula (II): 




(11) 



wherein Ri and R2 are independently selected from the group consisting of -CF3, -H, -CI, 
-F. -Br, -CN, -COOH, -OCH3. - -NH-CO-CH2CI and -NH-C0-CH2Br; 

or formula (IV): 




(IV) 



15 wherein Ri and R2 are independently selected from the group consisting of -CFj, -H, -CI, 
-F, -Br, -CN, -COOH, -OCHj, -NH-CO-CH2CI and -NH-CO-CHaBr; and R3 is selected 
from the group consisting of C1.5 alkyl, C2.5 alkenyl, C2.5 aikynyl, and C3-6 cycloaikyl; and 



20 



b) 



a toxicity-reducing amount of an orally bioavailable pyrimidine 
compound selected from the group consisting of orotic acid, a salt 
thereof, triacetyl uridine, a salt thereo, cytidine, a salt thereof, an 
acylated cytidine, a salt thereof, and a combination thereof. 
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10 



1 8. A method of administering a toxic dose of a leflunomide compound to a mammal, 
comprising administering to the mammal an amount of an orally bioavailable 
pyrimidine compound sufficient to reduce the toxic effects of the leflunomide 
compound. 

19. A method of reducing toxicity associated with the administration of a 
therapeutically effective amount of a leflunomide compound to a mammal, 
comprising: orally administering to the manmial a bioavailable pyrimidine 
compound selected from orotic acid, a salt thereof, triacetyluridine, , a salt thereof, 
cytidine, a salt thereof, an acylated cytidine, a salt thereof, and a combination 
thereof, in an amount effective to reduce the toxicity without blocking therapeutic 




effect of the leflunomide compound, wherein the leflunomide compound is a 
compound of formula (II) 



15 



or formula (IV). 



20. The method of claim 19 wherein the pyrimidine compound is orotic acid or a salt 



thereof 



21. A method of treating rejection in a transplant recipient comprising co- 
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22. 
23. 

5 

24. 

10 

25. 



administering a therapeutically effective amount of a leflunomide compound and a 
toxicity-reducing effective amount of bio-available pyrimidine compound. 

The method of claim 21, wherein the pyrimidine compound is orally bio-available. 

The method of claim 22, wherein the pyrimidine compound is orotic acid, a salt 
thereof, triacetyl uridine, a salt thereof, cytidine, a salt thereof, an acylated 
cytidine, a salt thereof, or a combination thereof 

A method of achieving an effect in a patient comprising co-administering an 
effective amount of a leflunomide compound and an effective amount of orotic 
acid, a salt thereof, triacetyl uridine, a salt thereof, or a combination thereof, 
wherein the effect is treatment of rejection of a transplant, wherein the transplant is 
heart, kidney or bone marrow. 

A pharmaceutical combination comprising a packaging having a plurality 
containers, at least one container containing a leflunomide compound, at least one 
other container containing a bioavailable pyrimidine compound, and an 
instructions for co-administering the leflunomide compound and the pyrimidine 
compound to a subject who is a transplant recipient. 
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5-(m-Benzyloxybenzyl)barbituric Acid 
Acyclonucleoside, a Uridine Phosphorylase Inhibitor, 
and 2'3',5^Tri'O^Acetyluridine, a Prodrug of 
Uridine, as Modulators of Plasma 
Uridine Concentration 

IMPLiCATlONS FOR CHEMOTHERArV 
Osama M. A^hour. Fardos N. M. Naj?uih and Mahmoud H. d Rouni^ 

DErART.MEST ^ 4 PhARNLA*. IV AS[i To\K;v^iAH <V. UsiX HRSirV OF ALAI^AMA at BlRMISC-.HAM. 

BiKMisoHAM. AL ^5294, U.S.A. 



ABSTRACT. 5-(m-Ben:yloxyben:vl)harhicuric iiciJ acyclonucleosiJe (BBBA), the must potent inhiBiror 
known ol uridine phosphoryhise (UrJP.ise. EC 2.4-2. i). the en:yme responsible tor uridine cataholism. and 
2',3'.5'-tri-0-acetyluridine (TAU). a prodniu ot uridine, were used to investii^ate the possibility ot impruvint; the 
bioavailability of oral uridine in mice. Oral BBBA administered at 30. 60. 120. and 240 x\^slH increased the 
concentration of plasma uridine (2.6 ± 0.7 p-M) by V2-. 4.6-. 5.4-. and 7.24old. respectively. After adminis- 
tration of 120 and 240 mij/k^ BBBA, pla>ma uridine concentration remained 3- and 6'fold. respectively, higher 
than the plasma concentrari^m at :ero time (C,) for over 8 hr. On the other hand. BBBA did not change the 
concentratitm of plasma uracil. TAU was far more superior than uridine in iniprininii the bioavailability ot 
plasma uridine. The relative bioavailability of plasma uridine released trom oral TAU (5V^o) was 7-K>ld higher 
than that (7.7%) obtained by oral uridine. Oral TAU at 460. 1000. and 2000 mu/ku achieved area under the 
curve (AUC) values of plasma undine of 82, 288. and 754 fimi^l • hr/L, respectively. Coadministration ot BBBA 
with uridine or TAU further improved the bioavailability i>f plasma uridine resulting from the administration ot 
either alone and reduced the C,„,,^ and AUC of plasma uracil. Coadministration of BBBA at 30, 60. and 120 
mg/kg improved the relative bioavailability of uridine released from 2000 mg/k|^» TAU (53%) by 1.7-, 2./-, and 
3.9-fold, respectively, while coadministration of the same doses of BBBA with an equimolar dose ot uridine 
(1320 mg/kg) increased the relative bioavailability of oral uridine (7.7%) by 4-1-, 5.3-, and 7.8-fold, respectively. 
Moreover, the AUC and C„,,, of plasma uridine after BBBA (120 mg/kg) Ci>administraEion with TAU were 3.5- 
and 1 1.5-fold, respectively, higher than those obtained from coadministration of BBBA with an equimolar dose 
of uridine. The exceptional effectiveness of the BBBA plus TAU combination in elevating and sustaining high 
plasma uridine concentration can be useful in the manaijement of medical disorders that are remedied by 
administration of uridine as well as tii rescue or protect from host-toxicities of various chcmotherapeutic 
pyrimidine analogues. bilx:hfm phar nucol 5 1;1 2: 1601 -161 1, 1996. 

KEY WORDS, uridine; phosphorylase; inhibitor; prtvlrug; chemotherapy 



The pyrimidine nucleoside, uridine, has been used success- 
fully as a '"protective" and/or '^rescuing" agent against host- 
toxic ity of various anti-cancer (e.g. S-fluorouracil) [1-4] 
and ami- AIDS (e.g. 3'-a:ido-3'-deoxythymidine and 2',3'- 
dideoxycytidine) 15-71 drugs without interfering with their 
cheiTiotherapeutic efficacy. The use of uridine as an adjunct 
in therapy is not limited to the treatment ot c-mcer and 
"^\1DS. Uridine was shown to protect from the toxic 
^^^ierent anti-inflammatory and immunosuppressive agents 
used in the treatment cif various auti>- immune diseases and 
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transplant rejection (S-lll, and potentiate the anti- 
psychotic action t^f traditional neuroleptics [12, 13). Uri- 
dine h;is also been used as a therapeutic agent in the treat- 
ment of several other medical disorders including: CNS 
disorders (e.g. cerebrovascular disorders and convulsions) 
[14-25], sleep promotion [26], muscle performance [27, 28], 
f'ver diseases [29-31], diabetic neuropathy [32], cardiac 
'^I, ! .litary orotic aciduria [39]. How- 
ever. bec;»use of its rapid cL nco [iO-4S], it is necessary 

to administer substantial doses of uridine (10-12 g/m') [41] 
to attain and sustain the high plasma uridine concentra- 
tions (70 jxM) 14^>] required to achieve the protective or 
rescuing effects. Unftirtunately, such large doses of uridine 
also pn)duce dose- limitmg side-effects (e.g. phlebitis, pyro- 
ucnic reactions, and diarrhe;i) [42. 45. 50-52). Therefore. 



16011 



O. M. Ashour et al. 



akernative iipproHLWts r(> increiisc uridine bitirUiiiLihility to 
the required concentraritms must he sought. 

Uridine is present in constant ctincentratinns (1-5 |jlM) 
in the plasma ot various species [53-57]. However, plasma 
uridine half- life is approximately 2 min [58]. Hence, the 
turnover of the plasma uridine must be rapid and etticient. 
Indeed, more than 90% of the circulating uridine is catabo- 
lized in a single pass through the liver by the activity ot 
hepatic UrdPaset (EC 2.4.2.3), while constant amounts ot 
uridine are synthesi:ed de novo and released into the he- 
patic vein blood [40, 58]. Less than 2% of the uridine me- 
tabolized by the liver is salvaged and recovered in the uracil 
nucleotide pool in tissues of whole animals [55, 57, 59, 60), 
perfused rat liver [40, 58], and isolated liver cells [61). The 
remainder is cataboli:ed rapidly to products beyond uracil 
in the pyrimidine catabolic pathway [48, 62, 63]. 

One approach to maintain a high uridine concentration 
over a prolonged period is the use of UrdPase inhibitors tt> 
block the rapid carabolism of uridine to uracil. Inhibition ot 
uridine catabolism by UrdPase inhibitors would lead to in- 
creased plasma uridine concentration as a result of the con- 
tinuous de novo biosynthesis of uridine in the liver. Indeed, 
UrdPase inhibitors have been used to increase the concen- 
tration and half-life of plasma uridine [48, 49, 51, 62, 64- 
67] and the salvage or uridine by various tissues 149, 51, 
68, 69]. 

Another approach to increase uridine bioavailability is to 
modify the structure of uridine to prevent its rapid catabo- 
lism by UrdPase and enhance its uptake into tissues where 
the modified uridine can be utilized. For this purpt^se, TAU 
(Fig. 1) has been designed and synthesized as a prodrug ot 
uridine [70]. The acetyl groups of TAU increase the lipo- 
philic ity of uridine, thus enhancing its transport trom the 
gastrointestinal tract to the blood stream and its re absorp- 
tion from the renal tubules, while rendering TAU resistant 
to catabolism by UrdPase [70]. Uridine is released trom 
TAU by the action o\ plasma esterases. Furthermore, 
plasma has very little, if any, UrdPase activity; thus, the 
catabolism of uridinie in plasma is minimal (unpublished 
data). This could eventually lead to a stable source ftir 
sustained delivery of high concentrations i>t uridine in 
plasma [70]. 

In the present study, we investigated the two approaches 
using BBBA (Fig. I), the best known inhibitor ot UrdPase 
[71-74], and/or TAU, as a prodrug of uridine, to improve 
the bioavailability and pharmacokinetics ot plasma uridine 
in mice. 



AhhTCiiaimn^: .AL C. ;trc.i unJcr the curvt,-; BBBA. 5-(ni- 
K'niyloxybcnzyDbarhituric liciJ ac\\;K)nucleu>iJc: C^-, plasma conccntra- 
rioii at zero time; C,,,,^, plasma concent rat ion; Clj, total plasma 
clearance; DHUDiise. JihvJrouraci! Jehwlroj^enase. EC 1,3.1.2; HTMC, 
hvJroxvpriipvlmethylcelliilose; MKT. mean restJence time; T: ., elimma- 
tiv^n hiilt'-lite; TAU. Z',.V.5'-tri-0-acerykiriJine; TCA. trichloroacetic 
aciJ; T,„,,^. rime to peak plasma concentration; UrdPase, unJine phos- 
phor>lase. EC 2.4-2.3; ariJ volume tit* distrihutum at steady state. 



MATERIALS AND METHODS 

Animals 

Female CD-I mice, 13-20 were purchased from Charles 
River Laboratories (Wilmington, MA) and housed 5/cage 
with totid and water ad lib. under a normal light cycle (light, 
6:00 a.m. tti 6:00 p.m.; dark, 6:00 p.m. to 6:00 a.m.). 

Chemicals 

Uridine, tri-n-octylamine, treon ( 1 , 1 ,2-trichloro- 
tritluoroethane) and HPMC were purchased from the 
Sigma Chemical Co. (St, Louis, MO). Heparinized Natel- 
.son pipets, ammonium acetate, acetonitrile (HPLC grade), 
TCA, Gelman Acrodisc LC 13 PVDF 0.2 ^JLm filters, and 
ethyl ether (anesthetic grade) were purchased from Fisher 
Scientific (Pittsburgh, PA). (6-'*^ClUracil (55 Ci/mol) and 
[2'''*Cluridine (56 Ci/mol) were purchased from Moravek 
BiochemicaLs Inc. (Brea, CA). TAU was provided by Dr. 
Reid von Borstel, Pro-Neuron, Inc. (Rockfield, MD). 
BBBA was synthesized as described previously [71, 72]. 

Administration of Drugs 

¥or oral administration, uridine (alone or with BBBA) was 
dissolved in double-distilled water. TAU (alone or with 
BBBA) was mixed well with HPMC in hot water (70**) and 
homogenized thoroughly using a polytron homogenizer 
(Brinkmann Instruments, Westbury, NY). The final con- 
centration of HPMC was 0-75%. The drug suspension was 
mixed well before and periodically during dosing. HPMC 
was preferred over the commonly used methylcellulose be- 
cause the latter must be cooled to 10* in order to hydrate 
completely. Drugs were administered orally (0.1 mL/10 g) 
using IS gauge intubation needles (Popper & Sons, Inc., 
New Hyde Park. NY). For i.p. injection, uridine was dis- 
solved in normal saline solution (0.9% NaCl) and injected 
at 0.1 mL/10 g. To avoid a possible circadian variation in 
UrdPase activity [75, 76), drugs were administered between 
S:^0 and 9:00 a.m. Control mice received the carrier solu- 
tion without the drug(>). 

Collection of Samples 

At various time intervals (5, 10, 15, 30 min, 1, 2, 3, 4, 6, 8, 
12, and 24 hr) after drug administration, 250 p-L of whole 
blood was collected from the orbital sinuses of each of five 
mice (lightly anesthetized with ethyl ether) in heparinized 
Natel.'^on pipets and placed on ice [751. The whole blocxl 
from each mouse was then centrituged (Fisher Microcen- 
trifuge model 235 A) at 12,400 rpm for 5 min, and the 
plasma was recovered and immediately stored in a -20** 
freezer until analysis by HPLC. 

Preparation of the Samples 

Plasma was allowed to thaw on ice and then was depro- 
teinized with 2 vol. of 15% TCA. After centrifugation 
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FIG. 1 . Chemical structures of TAU and BBBA. 



(16,000 g, 4°) for 5 min, using a Brinkmann EppenJorf 
Microcentrifuge, the supernatant acid-soluble material \va? 
neutralized by extraction with an equal volume of 1:2 mix- 
ture of tri-n-octylamine in freon. The neutralized superna- 
tant was filtered throuj^h a Gelman Acrodisc LC 13 PVDF 
0.2 p.m filter, prior to HPLC analysis [75]. Under these 
conditions, the concentration of uridine released from 
TAU was not changed by the acid treatment or freerinu 
during storage for up to 2 weeks (the longest duration of 
storage employed). 

HPLC Analysis 

Samples were analyzed by HPLC using a computer- 
controlled Hewlett-Packard model 1050 liquid chromatog- 
raphy apparatus equipped with an autosampler, a quater- 
nary pump, and a multiple wavelength diode array base 
three channel UV detector. HPLC analysis was performed 
on two 5-^im Hypersil Cj^ reverse phase columns (250 ^ 5 
mm) (Jones Chromatography, Littleton, CO) connected in 
tandem. Mobile phase was composed of two buffers, 
namely, Buffer A [50 mM ammonium acetate, 0.5% aceto- 
nitrile (pH 4.8)] and Buffer B [50 mM ammonium acetate, 
60% acetonitrile (pH 4.3)]. Typically, 100 jxL of treated 
plasma samples was analyzed with a multi-step elutitm pro- 
tocol. A 23-min isocratic elution with Buffer A was fol- 
lowed by a 10-min linear gradient to 60% Buffer B, then a 
22-min isocratic elution with 60% Buffer B, followed bv a 
20-min re-equilibration wash with 100% Buffer A. Flow 
^ates were 1 mL/min, except tor two 0.5 mL/min segments 
8-23 min and 33-55 min). The effluent was monitored by 
UV absorption at 254 and 268 nm. Under these conditions, 
uracil, uridine, TAU and BBBA in the standards eluted at 
13, 27, 47, and 48 min, respectively. Nevertheless, no TAU 
was recovered in plasma samples obtained as early as 5 mm 
or at later time points. Instead, there were six metabolites, 
other than uridine and uracil, which we assumed 10 be the 



mono- and diacetyluridines. Incubation of TAU witli 
plasma tor \arious time peritKls supported this suggestion 
and showed the de-esterification of TAU to the six me- 
tabolites with measurable amounts of nevx ly tormed uridine 
but not uracil. BBBA. also, could not be recovered from 
plasma samples. A binding assay showed that BBBA has a 
high protein binding affinity. Only 0.5 and 6.5% of the drug 
were tree after incubating 300 and 1000 p.M concentra- 
tions, respectively, of BBBA with 25 mg/mL bovine serum 
albumin. 

Uracil and uridine were identified by the ratio of their 
UV absorption at X(,, ,^ (259.5 and 262 nm, respectively)/ 
254 nm, and co'elution with authentic samples. The recov- 
eryot uracil and uridine was more than 98% using [6-*'^CJu- 
racil and [2-'**Cluridine. The AL^C values for uracil and 
uridine in the sample were calculated by the on-line com- 
puter. The concentrations of uracil or uridine in the 
samples were determined using standard curves for uracil or 
uridine prepared in double-distilled water. Plots of area un- 
der the curve versus uracil or uridine concentrations were 
linear between 1 and 5000 |jlM. 



Pharmacokinetic Analysis of Plasma Uridine and Uracil 

The pharmacokinetic parameters of uridine and uracil were 
estimated as previously described [48] by compartmental 
model-independent methods using a SIPHAR/BASE pro- 
gram [77]- The AUC was estimated by the trapezoidal rule 
with extrapolation to time infinity using the terminal dis- 
position slope (K*) generated by a weighed non-linear least- 
squares regression of an exponential fit of the data [78], 
with the weighed square factor set as the reciprocal of the 
calculated concentration squared. T;/, values of uridine 
were calculated from 0.693/K'. The Clj was calculated by 
dividing the administered dose by the AL'C and normalized 
to the weight of the animals. The apparent V ^ was calcu- 
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FIG. 2. Effect of different oral doses of BBBA on plasma 
undine concentration in CD-I mice. Each point represents 
the average from at least five mice. 

late J as the product of the Clj and the MRT and normal- 
ized to the weight ot the animals. The C,„.,^ and T,„ ,^ N alue.s 
were estimated trom the abscissa and the ordinate v>t the 
point with the hij^hest i>rdinate on the computer- genera red 
least squares cur\e depictinsj pinsma ct^nccntrarion versus 
rime. Q> was the plasma concentration ot endogenous uri- 
dine and uracil oKserved at rero-rime (Sik^^ to 9:00 aan.). 
Bioavailahility ot i:»ral uridine \vd> calculated as the percent 
of the AL'C of plasma uridine resultinu trom oral adminis- 
trativ>n of uridine/rhe AUC of plasma uridine resulting tnnii 
i.p. administratii)n of the same uridine di^se. Retari\ e hu^- 
availability ot uridine produced trom the dittercnt oral regi- 
mens was expressed as the percent ot the AL (J ot plasma 
uridine resulrint; trt^n oral administration ot uridine or 
TAU (alone or with BBBA)/the AUG of plasma uridine 
resulting trom i.p. administration ot the reference urivhne 
ctincencration t^t 1 320 me/ki:. 

RESULTS 

In the present study, the rero time (8:^0 to ^-^00 a.m.) 
ct-incentrations of plasma uridine and uracil (C"0 in GD-l 



mice were relatively constant, averacintz 2.6 ±0.7 and 7-4 
± 1.0 ^jlM. respectively. 

Administration of BBBA 

Table I shows that oral administration ot BBBA at 30, 60, 
120, and 240 my/ku increased the Q of plasma uridine by 
3.2-, 4.6', 5.4-, and 7.2-fold (C,„,,/Ce), respectively. Ad- 
ministration of the hi<:hest dose of BBBA (240 mg/kg) re- 
Mtlrcd in a plasm^ uridine C^,^^ ot 20.8 ^iM. Plasma uridine 
. ..^cntratitin remained 3- to 6-fold higher than control 
values for 8 hr after BBBA administration (Fig. 2). The 
AL'C values were 104, 199, 227, and 280 ^Jimol • hr/L, re- 
spectively (Table 1). There was no significant change in 
plasma uracil concentration following BBBA administra- 
tion (data not shown). 

Administration of Uridine 

Previous studies have investigated the bioavailability and 
pharmacokinetics of wide range doses ot oral uridine (.350 
to 50CC mg/kg) [48, 78]. Therefore, when we studied the 
effects o{ BBBA and TAU as modulators of plasma uridine 
concentration, we used vmly one dose of uridine as a reter- 
ence dose tor our investigations. We chose the uridine dose 
ot 1 320 mg/kg, which is approximately the median ot pre- 
vituisly studied doses. Administration of 1320 mg/kg of uri- 
dine by the i.p. route resulted in a uridme C^.,^ ot 2330 
^JLM. a 1124-told increase over zero time concentration 
(Table 2), at 5 min pt)st-administration. However, this con- 
centration drt>pped to 5 [jlM within 3 hr (data not shown). 
Plasma umcil concentration increased 6 1 -told, peaking to 
5 36 at 0.6 hr (Table 2), and dropping to 19 |xM within 
3 hr, after which it was cleared from plasma (data not 
shown). The AUC values of plasma uridine and uracil were 
1416 and 860 p,mol • hr/L, respectively (Table 2). 

Oral administration of the same dose of uridine (1320 
mg/kg) resulted in a C,^ ,^ of plasma uridine and uracil ot 20 
and 207 ^iM at 1.0 and 2.4 hr, respectively. Plasma uridine 
concentratiiin remained at least 3-fold higher than basal 
concent ratiiin tor up to 4 hr, while uracil was slowly cleared 
trom plasma (Fig. 3A). The AUC values of plasma uridine 
and uracil were 109 and 1421 fxmol • hr/L (Table 2). The 
V',_ and the Clj ot plasma uridine were 210 L/kg and 52 
L/hr/kg, respectively. These values were 50- and I4-told 



TABLE I. Effect of oral administration of different concentrations of BBBA on the pharmacokinetics of plasma uridine in 
CDl mice 



BBBA 


c 


Fold change 


T 

max 


AUC 


(mg/kg) 


(mM) 




(hr) 


{\imo\ ' hr/L) 


50 


11.6± v7 


vis ±0.34 


1.9 1 0.14 


104 ± 28.3 


60 


10.4 ± 3.6 


4.61 ±0.65 


3.9 i 1.23 


199 ± 68.1 


120 


15.5 r 3.4 


5.W t 2.02 


2.9 ± 0.66 


227 ± 44.4 


240 


20..^ til.: 


7.19 ± 1.4> 


3.2 ±0.04 


280 ± 15.7 
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TABLE 2. Effect of administration of uridine alone and in combination with different concentrations of BBBA on the phar- 
macokinetics of plasma undine and uracil in CDl mice 



Uridine BBBA Fold 

change T„,, ALC MRT C/^ T,^, 

'"iS'kg) (pM) (C„„/Co) (hr) (Mmol-hrO.) (L/kg) (hr) (Uhr/kg) (hr) 
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liiL'her than rho.<e produced hy che i.p. ri>utc (Tahlc 2). The 
hio;ivail;thilicy of unil uridine wa.s esriniiitcd he 7.7"o. 

Administration of TAV 

TAU v\-as administered orally a r 460, 1000, and 2000 my/ki: 
(molar equivalent to uridine dosses of 300, 660, and 1320 
mij/kL:, respectively). The C^^,,,^ of plasma uridine and uracil 
reached 78, 330, and 507 fjiM; and 265, 342. and 665 ^jlM, 
re.spectively. These concentrations were 28-, 164-. and 252- 
fold, and 37-, 51', and 72-fold higher than theQ^ of plasma 
uridine and uracil, respectively- The AU'C values of plasma 
uridine were 82, 288, and 754 jJLmol • hr/L, while those of 
plasma uracil were 267, 610, and 2115 |xmol - hr/L, respec- 
tivelv (Tahle 3 and Fi^. 3B), The relativ e bioavailabilitv of 
uridine released from oral TAU was 53'X). Administration 
ot TAU at the tested doses did not induce any noticeable 
toxicity (e.g. hypothermia, diarrhea, or weight loss) in the 
treated animals. 

Coadministration of BBBA ivith Uridine 

BBB.A, at 30, 60, and 120 mg/kj^ increased the C,,^,^ ot 
plasma uridine (20 p.\'l), achie\-ed hy 1320 mg/ki: of oral 
uridine alone, by 3.7-, 4.3-. and 7.0-fold, respecti\ely 
"Sjiible 2 and Fi^. 3A). At the highest dose used (120 mg/ 
Jt), BBBA caused the plasma uridine C,„.,^ to reach 141 
fxM, I hr after coadministration, and to remain over 40 p,\t 
tor 8 hr (Fig. 3A)- Coadministration of 30, 60. and 120 
mg/kg BBBA, increased also the AUC of plasma uridine 
(109 ^imol * hr/L) by 4.1-, 5.3-, and 7.S'fold, respectively, 
and decreased the V',^^ (210 L/kg) as well as Cly (52 L/hr/ 
ku) by 3.6-, 3.7-, and 5.S-fold, and 4.2-, 5.6- and S. 3-fold, 



respectively (Table 1). Thus, as shown in Fig. 4, coadmin- 
istration ot 30. 60, and 120 mg/kg BBBA increa.^ed the 
relati\'e bi,oa\'ailability ot oral uridine fn>m 7.7 to 31, 41, 
and 60^'o. respectively. 

Plasma uracil concentration was also affected hy the 
coadministration of BBBA: the higher the dose of BBBA, 
the lower the uracil concentration. Oiadministration of 
BBBA at 30, 60. and 120 mg/kg with uridine decreased 
plasma uracil C,,,.,^ from 207 to 179, 41, and 29 ^jlM, re- 
spectively, with a corresponding reduction in the AL'C 
from 1421 m 872, 467, and 307 iJimol • hr/L, respectively 
(Table 2 and Fig. 3A). 

Coadministration of BBBA with TAU 

Coadministration of BBBA at 30, 60, and 120 mg/kg with 
TAU (460 mg/kg) increased the C„j,,^ of plasma uridine (78 
fjiM), achieved by TAU alone, by 1.3-. 2.9-, and 2.5-fold, 
and reduced the C„^,^ of plasma uracil (265 (jlM) hy 5.2-, 
8.7-, and 12.6-ft>ld, respectively. BBBA also expanded the 
ALC ot plasma uridine released from TAU (82 ^imol * hr/ 
L) by 1.7-, 4.4-, and 4.3-fold, respectively. This increase in 
plasma uridine AL'C was accompanied by a concomitant 
2.2-, 3.2-, and 3.6-fold decrease in plasma uracil AL'C val- 
ues (Table 3). A similar trend was observed when these 
.<ame ct»ncenr rat ions tif BBBA were C(X\dministered with a 
higher do.^e of TAU (1000 mg/kti). The C„,^,^ of plasma 
uridine (3 30 \x\\) was increased by 1.8-, 2.0-. and 3.2'fold, 
while that of uracil ( >42 ^M) was decreased by 1.2-, 2.4-, 
and 3,0-fold, respectively. Cvinsequcnt iv. the AL'C of 
plasma uridine (288 |Jimol*hr/L) was mcreased by 2.4-, 
2.S-. and 6.3-fttld, while that of plasma uracil (610 
mnol • hr/L) was reduced by a l.l-, 1.3-, and 1.8-fi>ld, re- 
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FIG. 3. Effect of oral coadministration of different doses of BBBA with (A) uridine (1320 mg/kg) or <B) a 
molar equivalent dose of TAU (2000 mg/kg) on plasma concentration of uridine and uracil in CD-I mice. 
Each point represents the average from at least five mice. 



spectively. .-Kt the hi,L:lie<t dose v>t TAV (2000 luy/ki;) 
tested, coadministmtion ot BBB.A further increased he 
C . ot'rln.sma uridine (507 hy --3-. ;>nJ 3.2-told 

111 ilX* t^T*i 

;inJ Jecrcased thar o\ uracil (665 p-M) by 1.^-, -.l-, and 
2.5'UilJ, respectively. Coadministration ot BBBA aUo in- 
creased the AUG of plasma uridine (754 |jimol • hr/L) hy 
1.6', 2.7-, and 3.9-told and decreased that ot' uracil (2115 



IJimv^l • hr/L) hv 1.4-, 2.4-, and 2.7'fold, respectively. Figure 
4 shows the effects of different doses of BBBA on the rela- 
tive bioavailability of uridine released from oral TAU. 

DISCUSSION 

The present results indicated that the bioavailability of oral 
uridine is only 7.7%. This is in agreement with other results 
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TABLE 3. Effect of oral administration of TAU alone and in combination with BBBA on the pharmacokinetics of plasma 
uridine and uracil in CDl mice 
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change 
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lit least 5 mice ax each time point. 



from mice [79] and humans [45]. The present data also 
demonstrated that TAU is a superior substitute for uridine. 
The relative bioavailability of uridine folKnvinj; oral TAU 
administration (53%) was 7-fold higher than that achieved 
by oral uridine (7-7%). Nt>t only did TAU increase the 
concentration of plasma uridine, but it also reduced the 
time required to attain the maximum concentration. Oral 
TAU produced a plasma uridine C^^.^^ of 507 p-M at 0.4 hr, 
while an equimolar dose of oral uridine resulted in a ,^ 
of only 20 ^jlM at I hr (Tables 2 and 3). 

The low bioavailability ot oral uridine can be attributed 
mainly to the first pass effect and reflects the contribution 
of the intestine and liver to uridine catabolism. It was re- 
ported previously that there is an inverse relationship be- 
tween plasma uridine concentration and its hepatic clear- 
ance, i.e. increasing the uridine concentration entering the 
liver is accompanied by a decrease in hepatic clearance [63]. 
until uridine reaches a concentration of approximately 50 
p.M (the threshold or hepatic maximum for uridine clear- 
ance), after which a constant amount of uracil is dischars^ed 
into the circulation [63|. This threshold or hepatic maxi- 
mum for uridine clearance results from saturation of the 
transport system in the liver and/or catabolism of uridine by 
hepatic UrdPase activity [63 j. These factors could also ap- 
ply to the intestine which is a major organ responsible for 
the low bioavailability of oral uridine [45, 79, and the pre- 



sent results). In this regard, it should be mned that UrdPase 
activity in the intestine is the hitzhesr in all studied organs 
of the body. In mice, intestinal UrdPase activity (47,308 ± 
1,498 pmol/min/mg pn>tein) was 146-fold higher than that 
of the liver (unpublished results). Such high activity of 
uridine catabolism in the intestine and liver is considered 
among the principal components of the rapid disappearance 
of uridine from plasma following its oral administration [48, 
55, 58, 62]. This view is supported by the respective 50- and 
15-told increase in the \ and Clj of oral uridine when 
compared to i.p. uridine (Table 2). 

The better efficiency of oral TAU over uridine in deliv- 
ering uridine to the plasma can also be ascribed to the ex- 
tent tit the extravascular catabolism of uridine by UrdPase. 
TAU. unlike uridine, is resistant to catabolism by UrdPase. 
It is alst> more lipophilic which enhances its absorption 
from the gastrointestinal tract and reabsorption from the 
renal tubules [70|. Therefore, a large portion of adminis- 
tered TAU is transpiUted or diffused into the plasma un- 
changed and/or as mono- or diester derivatives. In plasma, 
these uridine esters act as depots releasing uridine by plasma 
estera.^es over a longer period ot time than when oral uri- 
dine is used. Furthermore, our unpublished results indicate 
that, in contrast to other sites in the body, plasma has a 
neglit^ible UrdPase activity (6 pmol/min/mg protein). In- 
deed, incubation of TAU with plasma resulted in the lib- 
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FIG. 4. Relative bioavailability of uridine from the oral ad- 
ministration of uridine or TAU, alone or with different 
doses of BBBA in CD-I mice. Relative bioavailability is cal- 
culated as the percent of AVC of plasma uridine resulting 
from the oral administration of the compound! s) under 
study/A UC of plasma uridine resulting from the i.p. admin- 
istration of 1320 mg/kg uridine. Each value represents the 
average from at least five mice. 



erarion ot the mono- anJ Jiaceryl derivatives ot TAU a> 
well a> uridine, hut not uracil. Hence, higher and sustained 
levels of plasma uridine were observed utter administrati(»n 
tit TAU than when uridine was used. These results sui:.t:o>t 
that the ditterence between oral uridine and TAU in de- 
liverini: uridine ti; the plasm;i is due primarily to extrava^- 
cular uridine cataholism by UrdPase. This postulacion is 
turrher supported by the tindini: that coadmini.-rration ot 
du- UrdPase inhil^itor BBBA (120 nvjh^) with uriduie en- 
hanced the relative hii>availahiliry ot" oral uridine by /.S- 
told. while its coadministration with an eqiumolar concen- 
trarivin of TAU incteased the relative hioavailabilitv iil 
pla>m;i uridine bv »Mily ).9-K>ld (Fi^:. 4). 

BBBA, the most p^uenr inhibitor ot UtdPase [71-7Mi 
a powerful enhancer t>f plasma uridine concentration. Oral 
administration ot BBBA ptiiduced a dose -dependent in- 
crease in the AL'C and C,,,,^. ot plasma uridine (Table I). 
Althouiih uridine achieved bv BBBA was similar to 

that attained hy oral administration ot another UrdPase 
inhibitor, 5-ben:vlacyclouridine (BAU) l4'^>, S0|. the ettect 
of BBBA on plasma uridine concentration was more pro- 
longed. BBBA at 120 and 240 nvjhj, maintained pla>ma 
unJine concentration 3- and 6-fold higher than the zero 
time concentration for 8 hr after administration (Fi^. 2). 
On the other hand, uridine concentratii>n dropped to near 



:ero time concentration 6 hr post-administration ot the 
san'ie dvise-^ vi f BAU [4^. SO]. 

Coadministration of BBBA with uridine or TAU in- 
creased the relative bioavailability of uridine in a dose- 
dependent i\\>h\on (Fiiz. 4), presumably due to inhibition ot 
UrdPase as indicated by the increase in the AUC. C^,^^ and 
C„,,,/Q and decrease in Vj^, and Cly of plasma uridine, as 
well as decrease in the AUC and C„,,,^ of plasma uracil 
(Tables 2 and 3 and Fig. 3). However, the combination of 
BBBA with TAU was superior to that with uridine in in- 
creasint^ plasma uridine concentration and bioavailability. 
Figure 4 demonstrates that coadministration ot BBBA (30, 
60, and 120 mg/k]Li) with uridine (1320 m^p) increased 
the relative bioavailability of oral uridine (7.7%) by 4.1-. 
5.3-, and 7.S-fold, while coadministration of the same doses 
of BBBA with a molar equivalent dose of oral TAU (2000 
mu/kg) improved the relative bioavailability of uridine re- 
leased from TAU (53%) by 1.7-, 2.7-. and 3.9-fi)ld, respec- 
tively. The superiority of the BBBA and TAU combination 
is also evident from the fact that the AUC of plasma uri- 
dine observed after administration of 1320 m,^kg uridine 
with 120 my/k-: BBBA could be achieved by the adminis- 
tration of TAU (1000 mg/kg) with BBBA (60 mgA:-). i.e. 
the molar equivalent of half the doses ot uridine and BBBA, 
respectively. 

The marked increase of plasma uracil concentration tol- 
lowing the administration of uridine or TAU (Tables 2 and 
3) could be attributed to the saturation of uracil catabolism. 
DHUDase (EC 1.3.1.2), the rate-limiting en:yme of uracil 
catabolism in the liver [81], is a saturable enzyme and in- 
hibited by increasini: concentration ot its substrate, uracil 
[81}. Deunidarion by UrdPase of a large amount ot the 
administered uridine or the uridine released from TAU 
would increase uracil formation. When uracil concentra- 
tion reaches the critical saturating limit (ca. 75 |j.M). it 
inhibits DHUOase [81|. This would lead to the deliverv of 
increasing amounts of uracil to the plasma, hence, the ob- 
served rise in plasma uracil concentration and AUC atter 
administration of uridine or TAU. It should be noted, how - 
ever, that oral TAl ' increased the C,„^^ and AUC ot 
plasma uracil above that achieved by administration ot an 
equi molar dv^se of tual uridine. This observation is not un- 
expected since administered uridine is subject to the se- 
quential activities of intestinal and hepatic UrdPase and 
DHUOase. These activities would lead not only to reduc- 
tion of uridine bioavailability but also to a decreased uracil 
pool. On the inher hand, TAU and its mono- and diacetyl 
derivatives are not subject to UrdPase activity, hence the 
expansion of available uridine which will be reabsorbed and. 
eventually metabolized to increase plasma uracil concen- 
tration. 

The lack of significant alterations in plasma uracil con- 
centratit)n following the administration ot BBBA alone in- 
dicates that the doses of BBBA used were not sufficient to 
inhibit ti>tally UrdPase and uridine catahoUsm. Conse- 
quently, the remaining UrdPa.se activity converts uridine to 
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uracil, which in turn is suhject PHUDase iicriviry. How - 
ever, the ccmcentrntion ot this newly tnrmcJ uracil appe;irs 
not to be high enouph to disturb the homcDStaric mecha- 
nisms maintaining the constancy ot plasma uracil concen- 
tration, including the saturation and inhibition ot 
DHUDase- As a result, plasma uracil concentration re- 
mained unchanged. 

In conclusion, the specific UrdPase inhibitor BBRA 
alone increased plasma uridine concentration and bioavail- 
ability in a dose-dependent manner. TAU, a prodruji: ot 
uridine, proved to be an excellent substitute tor uridine in 
achieving a greater bioavailability ot plasma uridine. Com- 
bining BBBA with uridine or TAU, tor oral administration, 
secured and maintained higher levels of plasma uridine 
than either alone. Htnvever, the combinatiiui ot BBBA plus 
(TAU was more eftective in accomplishing this yoal. There- 
pire, the combination of BBBA plus TAU can pnwide a 
better substitute for the massive doses ot uridine required to 
achieve the high levels of uridine necessary to rescue or 
protect from host-toxicities of certain anti-cancer anJ anti- 
viral pyrimidine analogues, without the toxic side-ettect> 
associated with such doses ot uridine. The combination ot 
BBBA plus TAU can also replace uridine in the treatment 
of other pathological disorders that can be remedied by 
administration of uridine. 



This invesii^atinn u'as iupfxirtc'J, in pan. hy asranifrinn Pri>'SciiUin. 
Inc. 
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uncommon and rarely eovere. Iho phonmoeokinoritt of 
5^,OMee«adin 13poHenlionMheduk2, werononlin- 
oor, wHh thm moan oroa under the t im e »e i* Me"Coneon- 
traHon curvo (AIK) increasing from 298 44 toM2 x 23 
Mmol/L and moon dooremce decroaeing from 34 ± 4 to 
15^ X a3a l/K/m' oe iHo doeo of 5^U woi incrooeod 
from 1,250 to 1,950 n^mVwk. 5-FU AUO ochioved 
wMi 5-nJ 1 ,250 me/m^/vvk far 6 wmIu aloff^ wMi the 
bttoniffiod PN401 doce ediodulo woro opproxlmotoly 
live-fold higher ihon those ochievod wMi 5-RI olono. 
Plasma uridine ceneentraHons increasod wMi eodi of fho 
tfireoPt4401 doses givonevory 2 hours, and uridne steady^ 
ttato corwMiliufHMU worn footer than 50 fmoVL 

Condiuion: Treotment vAlh oral PIMOI beginning 8 
hours ofler 5-f U odminisMian b woli tobrofod and 
results in sustained plasma oridino con c e n tf otio n s 
thofopout k P eW v uiil levels. The loiMwiimemlod 5-FU 

for phase U evokiorions Is 1,250 mg/m*/wfc for 3 
evory 4 weeks wffh the been s ified PN401 doeo 
schedule (Khodule 2]u Ar this dose, systemic exposure to 
5-FU as measured by AUC VMM Ave^ higher ihonlhat 
oh s en^ ofter achnlnishu l iun of oconventf o i wd 5-FU bolus, 
J Oh Oicof ^9sl67^t77. c 2000 bf 



MhnH and MmthoA: Patients wMi odvmod soBd 
moUgnoricios wore treated wMi escoloting doses of 5*FU, 
given as a rapid in tr a ve nou s infasSon weekly for 3 con- 

socuthre weeks every 4 weeks. PN401 VMOS odministoted 
oroOy 8 hours after 5-FU odminislration, to aduove sus- 
tained pkumo uridine corwentrotions of at loost 50 
MHiol/L UMedkf, patients rocelved 6 g of PN401 orally 
every 8 hours for eight doses (schedule 1), When dose- 
imiting toxicity (DL1) was consistently notedr polienta 
then receh^ 6 g of PN401 every 2 hours for three doses 
cmd every 6 hours thereafter for 15 doses (schedule 2)« 

StaifeN Twenty-t h ree patients r ocelvod 50 courses of 
5-FU and PN401. Among patients on schedule 1, DLT 
(gnide 4 neu t i up e t i ki complicated by fever and dkoiheo) 
occurred in those rece h ^ing 5-FU 1,250 mg/mVv^ 
Among pcrtionis on schedule % 5-FU 1,250 mg/mVwk 
was well felerotodl but grode 4, pr o ti uc tod (> 5 dofn) 
neutropenki was consistently noted ki those treated with 
higher doses of the drugs. Nonhematologk effects were 



FLUOROURACIL (5-FU) IS one of the most widely 
used antineoplastic agents and the mainstay of chemo* 
therapy for gastrointestinal and other types of cancers.* The 
principaJ mechanisms of 5-FU cytotoxicity include inhibi- 
tion of thymidylate synthase, largely through the actions of 
its metabolite, fluorodeoxyuridinc monophosphate 
(FdUMP); and inhibition of RNA synthesis as a lesult of 
inc(Hporation of a second metabolite, fluoroundine triphos- 
phate (FUTP), into RNA.^ The principal toxicities of 5-FU 
are leukopenia, mucositis, diarrhea, and hand-foot syn- 
drome, with the latter two adverse effects predominating 
when 5-FU is administered as a continuous intravenous (IV) 
infusion.^ Like other conventional cytotoxic antineoplastic 
agents, 5-FU has a relatively narrow therapeutic index, in 
that toxicity often limits the dose of 5-FU that can be 
administered, as well as its overall dier^utic usefulness. 

Uridine, a naturally occurring pyrimidine nucleoside, 
selectively reduces incorporation of FUTP into the RNA of 
hematopoietic progenitor and gastrointestinal mucosal ceils, 
thereby preventing 5-FU toxicity in normal tissues.*"' In 
mice, administration of uridine after treatment with 5-FU 
reduces toxicity to normal tissues, permits substantial 5-FU 
dose escalation, and increases overall efficacy of 5-FU.*"* 



Results of preclinical and clinical studies indicate that 
uridine concoitrations of at least 50 /unol/L are sufficient to 
confer protection to normal tissues from the toxic effects of 
5-FU * Differences in uptake and use of uridine between 
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Figl. Strudurt of PN401 



tumor and nomul tissues lie behind uridine* s ability to 
reduce the toxicities of S-FU without prc^xmionally reduc- 
ing antitumor activity,^ Both hematopoietic progenitors and 
gastrointestinal mucosa stem cells efficiendy incoiporate 
exogenous uridine (salvage pathway), whereas most other 
tissues, including malignant tumors, favor the de novo 
pathway of uridine nucleotide biosynthesis, in which free 
uridine is not an intennediate.^ Although uridine has also 
been demonstrated to protect against 5-FU toxicity in 
humans, its low and erratic oral bioavailability and the 
requirement foe central venous access for parenteral admin- 
istration preclude clinical utility .^'^^ 

PN401 (2',3',5'-tri-0-acciyluridinc; Pro-Ncuron, Inc, 
Gaitbersburg, MD) (Eng 1) is an orally active prodrug of 
uridine that is efRcientiy absorbed from the gastrointestinal 
tract and deacetylated by nonspecific esterases, yielding 
uridine and free acetate. In contrast to oral uridine, PN401 
is not a substrate for the catabolic enzyme uridine phos- 
phoiylasc and does not require the pyrimidine transporter 
for absorption. Consequently, administration of PN401 
results in substantially more bioavailable uridine than does 
oral administration of uridine itself. In an earlier phase I 
study of 5-FU given weekly in combination with PN401, in 
which PN401 was administered every 6 hours for 10 doses 
beginning 24 hours after 5-FU administration, PN401 doses 
as high as 9.9 g were well tolerated. Treatment with 
PN401 alone increased plasma uridine concentrations from 
preueatment levels ranging from 3 to 6 jxmol/L to peak 
concentrations averaging 167.6 ± 36.9 ^unol/L. After 
multiple doses of PN401, uridine trough concentrations 
averaged 67.1 :t 19.1 ftmol/L. Plasma uridine concentra- 



tions readily exceeded 50 /imol/L (the concentration that 
has consistentiy been demonstrated to protect normal tissues 
from the toxic effects of 5-FU) for more than 6 hours. In 
that study, PN401 at its roconmiended dose of 6 g substan- 
tially reduced the incidence and severity of 5-FU toxicity, 
permitting an increase of the 5-FU dose to 1,000 mg/m^/uic 
for 6 consecutive weeks.'' 

Preclinical studies have indicated that timing of the first 
dose of PN40I relative Co 5-FU administration is an impor- 
tant determinant of the effectiveness of PN401 in amelio- 
rating the adverse effects of 5*FU. For example, treatment 
of mice bearing colon 26 tumors with PN401 2 hours after 
5-FU administration resulted in substantially greater antitu- 
mor efficacy and less toxicity compared with treatment of 
mice with PN401 24 hours after 5-FU administration.^ 
These results suggest that the clinical utility of PN40I can 
be optimized by administering the agent soon after treat- 
ment with 5-FU. Therefore, in this phase I phaxmacoldn^ 
study, we evaluated the feasibility of administering high 
doses 5-FU on a weekly schedule in combination with 
PN401, administered starting 8 hours after treatment with 
' 5-FU, unlike in fne vious investigations in which PN40 1 was 
given 24 hours after 5'FU administration." Additionally, 
because of findings that plasma uridine concentrations 
exceed biologically relevant levels of 50 ^ol/L for more 
than 6 hours, PN401 was initially administered every 8 
hours instead of at 6-hour int^vals.'^ 

The piincifsal objectives of the present study were to 
determine the maximum-tolerated dose (MTD) of 5-FU 
administered as a 30-minute IV infusion weekly for 3 weeks 
every 4 weeks with PN401 and to reconunrad doses of 
dtese agents for subsequent phase Q trials; to characterize 
the principal toxicities of the regimen; to describe the 
pharmacokin^ic behavior of 5-FU administered with 
PN401 in this schedule; and to obtain preliminai> evidence 
of antitumor activity, if any. 

PATIENTS AND METHODS 

Eligibility 

Patiemt with bistologically documentfid advanced soKd maligoan- 
ci« itlniccory to convcatkmal therapy or for whom so effective 
therapy existed wete canfidaies for this study. EhgibiliTy cnteria 
induded age ^ 18 yean; Eastern Coopeniive Onccriogy Group 
peifbnnance status s 2: life cxpcctaocy greater than 12 weeiu; no prior 
chemothcnpy or radiation therapy within 4 weeks of entering onto tbe 
study (6 weeks for oitrosoDreas and mitomycin); adequate hemtcopoi- 
ettc iiinctioa (WBC ooum 2 3,50Q/pL, absolute neutxopbil count 
[AKC] K l,5(X]/fiL, and pUtelet count 2 IOO^OCKVmL). tiepatkr 
function (total hilinibin level sc l^mg/dLand ASTaad^LTIcveb< 
[WO tunes the upper limit of sonnal (< five times (be upper limit 
oonnal for patients with liver meastasis)), and renal function (creati- 
nine level £ \S mg/dL); no active iflfiection or other coexlstixv 
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medical problems severe enough to limit compUance; no malab8orptk>n 
syndrome or other condition thai might interfere with intestinal 
absorption; and documentation of toterance to treatment with 3-FU or 
peripheral-blood mononuclear^cll dihydropyrimidine dehydrogenase 
(DPD) activity of at least 0. 1 2 nmol/rain/mg protein. Before treatment, 
all pattentt gave written informed consent accoiding to federal and 
instJtutioRal guidelines. 

Dosage and Drug Administration 

PN40J was supplied by Pro-Neuran, as white tablets containing 
0.5 g of PN401 . 5-FU (Phannacia & Upjohn, Kalamazoo, MI) came in 
afiq>ulc8 containing 50 mgAnL 

5-FU. administeied IV over 30 minuted, was given weekly for 3 
weeks every 4 wcdcs. PN401 was administered at a fixed on] dose 
starting 8 hours after 5.FU administrition. Initially, patients received 
6 g of PN401 (12 Ubleu) every 8 boon for eight doses (schedule 1). 
After dose-limiting toxicity (DLT) was noted on this schedule, the 
PN40 1 dose schedule was modified to 6 g every 2 hours for thrw doses 
followed by 6 g every 6 hours for 15 doses (schedule 2). Patients were 
instructBd to take PN401 with water and to repeat the dose if d)ey 
vomited within 2 houn after higescioo. Patients were asked to record 
the precise tiroes and numben of PN40 1 pills taken io diaries that were 
collectod and reviewed after each course. 

The starting dose of S-FU was 1 ,000 mg/m^ Thifi dose was increased 
by 25% incremeou in groups of new patients if the previous dose level 
was well tolerated. One new patient was treated at each suocessively 
higher dose level unless toxicity of at least grade 2 severity was 
experienced during the first course of tieannem. In the event of toxicity 
of at leaat grade 2 severity, a rainimum of two additional new patieou 
were entered at that dose level. If none of the three patients experienced 
DLT during course 1, dose escalation resumed, widi a minimuin oi 
throe new pmicnts treated at each successive dose level. If DLT was 
observed during the first course of treatment in any patient at any dose 
levd. as many as six new patients were treated at dtat dose IcveL The 

MTD and recommended (Aase H dose were defined as the highest 5-FU 
dose at which fewer than two of six new patients experienced DLT 
during course I. DLT was defined as grade 3 nonhcmatologic toxicity 
(excluding nausea or vomiting), any grade 4 nonbematologic toxicity, 
grade 4 ihrombocyiopema (platelet count < 25/XKV/iL), severe anemia 
(hemoglobin Icvd < 6.5 g/dL). and grade 4 neutropenia (ANC < 
iWfiL) lasting more than 5 days and/or associated with fever. 
Toxicities were graded using the National Cancer Institute common 
toxicity criteria.'* 

The weekly dose of 5-FU was reduced by one dose level in patients 
who experienced either grade 2 ocnhematologic or grade 2 or 3 
hcmatologk toxicity on the day of scheduled treatment. 5-FU was not 
administered to patients who experienced grade 4 hematok>gic toxicity 
or grade 3 or 4 nonbematologic toxicity on tiie day of planned 
trcaimcnl, and the omitted dose was not made iqj. When treatment was 
resumed, the dose of 5-FU was reduced by one level for the remainder 
of treatment. Trcaimcm deUys that exceeded 2 weeks because of 
faihire to return to a grade 0 or I toxicity level mandated a 5-FU dose 
reduction by one level for the remainder of treatment unless the toxicity 
recurred, in which case a second dose reduction was inquired. The dose 
of PN40] was not modified in cases of toxicity. 

Pretreatmem and Follow- Up Studies 

Histories, physical examinations, and routine laboratory evaluations 
were performed before treatmem and weekly. Routine laboratory 
evaluations included complete blood counts; differentiaJ WBC counts; 



169 



determination of electrolyte levels; measiaemcnt of Wood urea nido- 
gen, creatinine, glucose, total protein, albumin, calcium, phosphate, 
uric acid, alkaline phoiphatase. total and direct bilimhin, AST. and 
ALT levels; detcnnination of prothrombin time; and urinalysis. DPD 
activity in the periphery mononuclear cells of patients who had never 
been treated with 5-FU was measured in the laboratory of Robert 
Diaslo. MD, at the University of Alabama at Birminghsm as previously 
described.'* Preucatment studies also included a chest x-ray and 
reievaDl radiologic studies for evaluation of all mcuurable or assess- 
able sites of malignancy. These studies were repeated sfter every other 
course. Patients were able to continue treatment if they did not develep 
progressive disease. A patient was said to have a coinpleic lespoosc if 
two studies at least 4 weeks apart showed disappearance of all active 
disease, and a patient with a partial response bsd at least a 50% 
reduction in the sum of the product of the bidimcnsiooal measuxemeats 
of aU ksioos documented, with sets of measurements being perfbnned 
at least 4 weeks apart Any concumem increase in the site of any lesion 
by 25% or more or the appearance of any new lesion was considered 
disease progression. 



Plasma Sampling and Assay 

To study the pharmacokinetic behavior of 5-FU and PN40I, we 
obtained blood from a site contralateral to the peripbenl vein used for 
tteatment Blood samples were collected before treatment with 5-FU, 
immediately after the 30-mimrte inftision, and 10, 45, 90, and 180 
minutes after treatment on day 1 of course I. To detennioe the 
concemruton of uridine In plastm after treatment with W401 on die 
more intensive PN401 dose schedule (schedule 2), we d^noA blood 
before the second and third dosei, 2 houn after the third dose, and 
unmediately before the fourth dose. 

The blood samples cdlecied for 5-FU analysis woe centrifuged 
immediately afler collection and stored at "20*C until analysis. Plasma 
(250 thawed from -2<rc, was transferred to a 16 X 125-imn 
silicon tube, and 30 of i-bramouiacU, wbkh served as an intenul 
standard, was added, To precipitate proteins, we added 500 mL of 10 
mmol/L anunonium sulfate sohnion, followed by 4 mL of ethyl aoetaie 
and isopropanol (9(VI0 [vol^olj). The mixoire was voitexed for 45 
minutes, and the tube was centrifuged for 5 minutes. Tlie organic layo- 
was pipetted into a 13 x 100-mro dispo&itble Pyrcx cuhure mbe and 
dried in a MfC water badt. The extraction procedure was repeated 
twice, and each mbe was tecooatituted with 200 ^iL of 0.01 moW- 
potasaium phosphate at pH 4, which wis the mobile phase for 
high-performance liquid dBroaiatography (HPLC). 

was performed using a Spectra-Physics Isocfanmie pump 
(Spectra-Pbysici, Mountain Vfcw, C A) connected to a Hitachi AS4000 
sutoinjector (Hitachi, San Jose. CA) and an SP8490 variable-wave- 
IcngA Auoctscence detector (Spoctn-Pbyxics) set at 260 am. After 
mjection of a 20-mL uaapit, 5-FU and 5-lm)mouiicil were sepvated 
using a VMC-Pack, ODS^AMQ (4.6 X 250.mm, 5-/an) C„ colunm 
( Vamaraura Qjemical Co. Kyoto, Japan) u&iog a mobile phase of aOl 
mol/L potassium phosphate, pH 4, and a flow rate of 2.0 mL^min. "nic 
retention times of 5.FU and 5-brDmour»cil weie 3.43 aod 7J5 minucet, 
rcapectivdy. The standard curve for 5-FU wis prepared over a range of 
0.246 to 999.4 /«noI/L by adding known amouocs of 5-FU awl internal 
standard to appropriate volumes of human plasma. A calibration curve 
was generated by linear legressioo of the peak height ratio of the 5-FU 
concentration to d»t of the internal standard. Tlie values for the 
iMTsday and interday precision far thii mediod were less than 2«, and 
the lower limit of quantification of 5-FU was 0.2 ^imol/L based on die 
extraction of 250 mL of plasma. 
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Plasma uridine oonoentratiDns were determined using reverae-phase 
HPLC that was validated using inosine as an inicmal standard. Blood 
samfto were oentrifiiged immediately after collection and stoied at 
~20X until analysis. Plasma (500 /iL), thawed firam -2(rC. was 
tnnsfecred to a 1.5-mL siliconized centriftige tube containing 300 mt 
of water. An aliquot of 20 ^ of the internal standard (600 ^gfmL 
inosine in 10% methanol) was added to ail control samples, followed 
by 200 mL of 40% trichlomacetic acid. The mbes were then vorlexcd 
completely using a vortex mixer. The sealed tube was next placed in an 
ice-water bath for 10 to 30 minutes to precipitate plasma proteins. The 
trichloroacetic acid was extracted with 4 mL of methyl-ftrrr-butyl ether, 
and the top ether Uyer was removed. Two hundred micnoliters of the 
underiayer was placed in an autosampler microvial. Analysis of the 
extracted samples was performed oo a HPLC system that consisted of 
a SpectzarPhysics Isochrome pump (Spectra-Physics) connected to a 
Hitachi AS4000 autoinjector (Hitachi) and an SP8490 variable-wave- 
length fluonesoence detector (Spectra-Physics) set at 260 ran. After 
ir\jection of 1 0 to 50 pL of sample, uridine was separated by a Krumasil 
(4.6 X 250-mm, 5-^) C,g column (Eka Nobel, Bohus, Sweden) using 
a mobile phase consisting of a mixnue of 20 inxnol/Laodium aoetaie at 
pH 4.5 and 5% mcdianol at a flow rate of 1.0 mUmin. The retention 
tiroes of uridine and inosine were 6 and 1 1 minutes, respectively. The 
standard curve for uridine was prepared over a range of 0.5 k) 1^00 
lixacUL by adding known aiTKNims of uridine and internal standard to 
appropriate valumcs of human plasma. A calibration curve was 
generated by linear rcgressioa of the peak height ratio of uridine to the 
internal standard versus uridine concentration. The values of imraday 
and kterday precision for this method were less than 2%, and the lower 
limit of quantification of uridine was 1.31 /unol/L based on the 
extraction of 500 jiL of plasma. 

Pharmacokinetic and Pharmacodynamic Analysis 

Plasma 5-FU concentration data were analyzed by standard noooom- 
panmcntal pharmacokinetic metlmds usizig the program WinNonlin 
(Statistical Consultants, Inc, Apex. NC). The area under Che concen- 
tratioa-versuS'timc curve (AUG) was caknilated using the linear trap- 
ezoidal nik. The AUG was extrapolated to infinity by dividing the last 
measured concentration by the elimination-rate constant, k,, which was 
cscimwed by log-linear fit of the terminal portion of the curve. The 
portion of the total AUC (AUCt^J calculated by extrapolation was le&s 
than 5%. The systemic clearance (CI) was deiermined by dividing the 
dose by the AUC the eUminatioo halMife was calculated by dividing 
0.693 by the k,, and the apparent volume of distributioa (V^ was 
calculated using the formula - dosc/fk, X AUQ. The maximum 
plasma concentration (C„) was decermiaed by inspectton of the 
ooncenlrstion-vc«us-time curve, Pbannacokinetic parameters were 
described using descriptive statistics. Standard linear legressioo meth- 
ods were used to evaluate the relationships between dose and pharma- 
cokinetic paramctcn to determine whether 5-FU pharmacokiivetics 
were dose Independent. 

The peak plasma uridine concentrations after FN401 administratioo 
were determined by visual inspection of dK uridine conceotration- 
versus-cime curves. The mean pla&nu uridine concentration was 
calculated as the aridunetic mean of (he plasma uridine concentration 
values c*tained for each patient afier administntion of the first three 
doses of PN401. Plasma uridine concentrations after administratioo of 
PN401 were compared with predicted values obtamed by applying the 
principle of superposition to the plasma oonccntrstioD-veraus-time 
curve of uridine observed in healthy subjects after a single 6-g oral dose 
of PN401." With this method, the AUG, CI, half-Ufe, and 1^. of 
uridine after treatment with a single 6.g oral dose of PN401 in healthy 



volunteers are estimated by a one-compartment opes model with 
ArK-oider absorption kinetics using the program WinNonlin (Statistical 
Consultants). The estimated parameters are subsequently used to 
simulate the plasma ccmcentration-venus^me curve of doses of 6 g of 
PN401 every 2 hours. It is assumed that the pharmacokinetic behavior 
of uridine after each dose of PN401 is not affected by other doses and 
that die absotptioo, coovcrsioD of PN401 to uridine, and systemic 
clearance of uridine do mot change with rq)etitive dosing. 

We explored Che relationships between toxicity and pbannacokinetic 
parameters reflecting systemic exposure to both 5-FU and uridine. The 
percentage decrements In ANCs and platelet counts, u well as the 
occurrence of IM.T, were related to the dose, AUQm- *nd C^ of 
5-FU and to bodj the peak and mean plasma uridine concentrations. 
Tbe percentage decrement in blood cell counts was calculated as 
follows: 

Percentage decrement in blood count - [100% 
X {pretreatment count - nadir count)]/ pret re atment connt 

The noflpamoetric KCann-Whitney {/ test and Kruskal-Wallis test 
were used lo compare pharmacokinetic parameters reflecting drag 
exposure in patients with diflferent grades toxicity. Linear and 
nonlinear regression medKxSs were used to assess the relationships 
between quantitative parameters of myelosuppres&ion and relevant 
parameters of drag exposure. 

RESULTS 

Twenty-three patients, whose characteristics are listed in 
Table 1, were treated with a total of 50 counes of 5'FU and 
PN401 through four dose levels (Table 2). One patient 
discontinued therapy in the middle of the fint course of 
5-FU 1,250 mg/m^ and PN401 and was considered unas- 
sessable. Twenty-one patients had received previous che- 
motherapy and 14 patients had previously been treated with 
5-FU-C(Mrtaining regimens. The median number of courses 
administered per patient was two (range, one lo six). Four 
patients required either a reduction (one patient) or omission 
(three patients) of the weekly dose <rf"5-FU, and doses were 
reduced in six patients because of intolerable toxicity in the 
prior couise. Seven patients required l-week delays in 
treatment, and a single patient required a 2-week delay 
because of incomplete recovety of blood ccD counu. Major 
objective antitumor responses were not observed. 

PN40I was well tolerated on both dose schedules, and no 
adverse effects were directly attributed to this agmt On the 
basis of reviews of patient diaries and interval histories, 
there was no evidence of noncompliance widi PN401 
treatment The rate of DLTs, particularly adverse gastroin- 
testinal and bcmatologic toxicities, was unacceptably high 
at tbe 5-FU dose level of 1.250 mg/m^Avk on the less 
intensive PN40I dose schedule (schedule I). Intensification 
of the PN401 dose schedule (schedule 2) pemiitted escala- 
tion of the dose of 5-FU to 1,950 mg/m^/wk. However, the 
rate of dose-Iimidng hetnatologic toxicities was unaccept- 
able at 5-FU doses greater than 1 ,250 mg/m^/wk. 
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I^OTE. Madion ag«, ^2 yvare; ranga. 39 to 81 y«Qri. 
Abbiwiotion: EOOG« Castem Ceopmtw* Oncology Group. 

Hematologic Toxicity 

Myelosuppiession, [Nincipally neutropenia, was the most 
common toxicity of the combiDation of 5-FU and PN401. 
Listed in Table 3 are the median and ranges of ANCs and 
platelet counts, as well as the rates of pertinent hematobgic 
toxicities, as a function of dose levels of FN401 and 5-FU. 
The ANC nadir was typically observed on day 21 after the 
third weekly dose of 5-FU, although the nadir values were 
recorded on day 28 in three cases. However, maximal 



effects on platelet counts were noted on day 28, 2 weeks 
after the third weekly dose of 5-FU. Six patients lequired 
1-week treatment delays during their second courses of 
treatment, and one padent required a 2-week delay because 
of unresolved neutropenia. Thrombocytopenia also contrib- 
uted to treatment delays in two of these patients. 

There were no episodes of DLT in padents treated at the 
initial dose level in which 5-FU 1,000 mg/m^Avk was 
administered with PN401 (schedule 1). At the second dose 
level (5-FU 1,250 mg/m^Avk), however, two of six new 
patients experienced DLT during course 1. These events 
included grade 3 diarrhea, in one patient, and grade 4 
neutropenia complicated by sepsis and death, in the other 
patient, a 67-ycar-old heavily pretrealed patient who had 
advanced pancreatic carcinoma, an Eastern Cooperative 
Oncology Group pcrfonnancc status of 1» and a normal 
DPD level. Another heavily pre treated Individual developed 
grade 4 neutropenia associated with fever during courses 2 
and 3. With the occurrence of these toxicities at the second 
dose level of 5-FU on schedule i, die PN401 dose schedule 
was int^ified (schedule 2). 

On schedule 2, !S-PU was better tolerated and none of the 
three new patients txeated with 5-FU 1,250 mg/m^/wk 
experienced DLT. Hematologic toxicity was moderate and 
consisted of grade 2 neutropenia (in two courses), grade 3 
neutropenia (in one coune), and grade 2 thrombocytc^)eoia 
(in one course). Therefore, the doses of 5-FU were succes- 
sively escalated with FN40I (schedule 2) to 1,550 nig/ 
m^/wk and 1,950 mg/mVwk. which resulted in progres- 
sively lower AKC and platelet count nadirs. At the dose 
level of 5-FU 1,950 mg/m^/wk, on PN401 dose schedule 2, 
median ANC and platelet count nadirs were 2051^ and 
38/^ respectively. In addition, both minimally precreated 
patients who received 5-FU 1,950 mg/m^/wk and PN401 
(schedule 2) experienced prolonged (> 5 days) grade 4 
neutropenia and grade 3 thnnnbocytopcnia. Therefore, ad- 
ditional patients were treated at the next-lower dose level. 
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5-FU U50 mg/mVwk, along with PN401 (schedule 2), and 
two of three new patients experienced DLT. In both subjects 
who developed DLT» including a heavily prtireated patient 
and a previously untreated patient, ANC nadirs decreased to 
less than 500/fiL for more than 5 days. The heavily 
pietieated individual also developed grade 3 thrombocyto- 
penia. On the basis of these results, two additional new , 
patients were Ureated with 5-FU 1.250 mgtoVwk on PN401 
dose schedule 2. Overall, none of five new patients, of 
whom three were heavily pretreated, developed DLT at this 
dose level. 

Nonhematologic Toxicity 

The rates of the principal nonhematologic toxicities of 
5-FU and PN401 are listed in Table 4. Overall, nonhema- 
tologic effects were not related to the dose of Only 
one patient, a 67-ycar-old heavDy pretieatcd man with 
metastatic colorectal carcinonui, experienced dose-limitinjg 
nonhematologic toxicity. The patient developed grade 3 
diarrhea on day 15 of his first course of 5-FU 1,250 
mg/m^/wk and PN401 (schedule 1). The diantica persisted 



for 5 days and was associated with dehydration and severe 
fatigue. In addition, 1 1 patients complained of grade 1 or 2 
diarrhea ui a total of 14 courses, which spanned four of 6ve 
dose levels and both PN401 schedules. Grade 1 or 2 
mucositis was experienced by six patients during seven 
courses and was not dose related. The onset of mucositis 
was generally late, occurring in weeks 3 to 4« and resolved 
rapidly, with only one patient at the first dose level requiring 
a dose reduction for this reason. Mild to moderate (grade 1 
to 2) isolated ekvations in serum tc^ bilirubin level were 
experienced by eight patients during eight courses at four of 
the five dose levels. In one patient treated at the second dose 
level (5-FU 1,250 mg/m^/wk and PN40I dose schedule 2), 
the elevation of bilirubin level occurred in the context of 
fatal septic shock, and this event was not thought to be due 
to study medication. Although four of the seven subjects 
also had meustatic disease to the liver, progressive disease 
was not documented in any of these individuals. Hypobil- 
irubinemia was typically noted chi day 21 after the third 
weekly dose of 5-FU and resolved completely before the 
next scheduled course of treatment. Grade 1 nausea and/or 
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vomiting was obsCTvcd during 10 couf3cs involving nine 
patients at all dose levels. Mild to moderate {grade 1 to 2) 
fatigue was reported in 1 1 courses (eight patients), whereas 
three patients experienced severe (grade 3) fatigue. The first 
^sode occuned during the first course of tzeatroent with 
5-FU 1^50 mg/m^/wk and PN401 (schedule I), concomi- 
tant with grade 3 diarrhea, and this event was considered a 
DLT. The two other individuals developed grade 3 fatigue 
during the fir^t and third courses in the context of progres- 
sive disease. 

Pharmacologic Studies 

Thirteen patients treated with 5-FU and PN401 (schedule 
2) underwent complete plasma sampling for pharmacoki- 
netic studies of 5-FU and uridine. Technical difficulties with 
the assay precluded use of plasma concentration data from 
one subject Plasma 5-FU concentrations peaked at the end 
of infusion and were less than 5 /unol/L at the last sampling 



time, 3 hours after infusion. The relationship between 
and dose was Hncar (/^ = .71, P = .005), with values 
increasing from 375 ± 81 to 842 ± 7 /imol/L as the dose of 
5.FU increased from 1,000 to 1,950 mg/m^/w^ Table 5 lists 
pertinent 5-FU phamiacokinetic parameters derived using 
noncompartmental methods. The pharmacokinetics ap- 
peared to be dose dependent; 5-FU Q deoeased from 34 ± 
3.94 IMw? at the 1^50 mg/m^/wk dose level to 15.6 ± 
0.38 IMvB? at the 1,950 mg/mV\)s1c dose level (P « .006), 
and 5-FU A\JC^ increased disprpportionally from 298 ± 
44 ixxaoVUh at the 1^ mg/mVwk dose level to 962 ± 23 
^ol/Uh at the 1,950 mg/m^/w* dose levcL 

Plasma uridine concentrations increased with each suc- 
cessive 2-hour dose of P>WOl to a mean of 259.33 
/imol/L 2 hours after the third dose of PN401. ITicreafitcr, 
uridine concentrations were sustained above 100 /miol/L 
for more than 6 hours, at which time a fourth dose was 
administered (Fig 2). There was substantial interindividual 
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variability in plasma uridine concentrations in the 5-FU 
dose range 1,250 to 1,950 mg/m^/wk (Fig 2), and no 
relaticmshtp between plasma uridine concentration and 
5-FU dose was apparent The plasma undine concentrations 
after treatment with high doses of PN401 in this study were 
satisfactorily predicted by applying the principle of supo-- 
position to the pharmacokinetic data from healthy volun- 
teers who were each treated with a single 6-g dose of 
PN401, as illustrated in Fig 3, 

Pharmacodynamic iriationsh^>s between 5-FU and 
AUC and principal toxicities of 5-FU were evaluated. With 
regard to the effects of 5-FU and PN401 on neutrophils and 
platelets, intcrindividual variability in the percentage dec- 
rements in ANCs and platelet count was mariced. and these 
relationships could be described with neither linear nor 
nonlinear models. In addition, the propensity to develop 
DLT was not related to peak plasma 5-FU concentrations, as 
demonstrated by similar values in patients who did and 
those who did not experience DLT (506 ± l&O v 6S2 ± 189 
^ol/L; P — 1 [Mann- Whitney U test]). In contrast, the 
mean AUCo.« among patients who developed DLT (703 ± 
300 ^ol/L) was higher, albeit not significandy, than ^ 
among patients who did not (458 ± 210 jxinol/L) (P « .1 
[Mann-Whitney V test]). Similarly, patients who did and 
those who did not develop DLT had similar maximum 
plasma uridine concentrations (285 ± 73 and 267 ± 74 
^oI/L. respectively; P = .4 (Mann-Whitney V test]) and 
mean plasma uridine concentrations (186 ± 33 and 178 ± 
38 ^ol/L, respectively: F = .99 [Mann-Whimcy U test]). 



DISCUSSION 

PN401, an oral prodrug of uridine, is being developed to 
reduce the incidence and severity of the toxicities associated 
with adminisu^tion of 5-FU and thereby allow 5-FU dose 
escalation. Although 5-FU is administered on a broad range 
of dose schedules and no single dose-schedule has ever 
emerged as clearly supericK", a rapid IV infiision, weekly 
schedule has demonstrated efficacy in several disease set- 
tings and is one of the most commonly used schedules.''^ 
By protecting hematopoietic progenitors and the gastroin- 
testinal mucosa, PN401 may reduce the incidence and 
severity of unpredictable toxicities io patients receiving 
5-FU and confer tolerance of high doses, resulting in greater 
drug exposuit ctMnpared with conventional dose sched- 
ules.'^ Preclinical and prior clinical studies have demon- 
strated that uridine protects against the nonhematologic and 
hematologic toxicities of 5-FU, presumably by competing 
with FUTP for incorporation into the RNA of normal 
tissues.^' ^ In preclinical studies, the then^utic index of 
5-FU has been shown to be improved; arumals treated with 
botii 5-FU and FN401 lolo^ much higher doses of 5-FU, 
which induce less toxicity and a greater degree of tumor 
regression ocunpaitd with 5-FU alone/ However, uridine is 
inhercntiy toxic and its administration is cumbersome.''^^ 
IV administration requires the use of a central venous 
catheter to avoid phld>itis, whereas oral uridine is poorly 
and erratically absorbed, requiring the administration of 
high doses, which often result in severe diairhea.^^^ PK401 
is an acetylated prodrug of uridine that is more lipophilic, 
resulting in chanced transport across the gastrointestinal 
mucosa 

Whether PN^401 or any other biochemical modulat<x' will 
augment the tl^iapeutic indices of the fluoropyriniidines 
will depend on the relative modulating effects of these 
agents in malignant tumors and normal tissues.^ Preclinical 
studies hi animal tumors have demonstrated that PN401 
enhances the therapeutic index of 5-FU, pxxyvided that the 
agent is administered on dose schedules that resuh in 
plasma uridine concentrations of approximately 50 ^unol/L, 
a level that is substantiaUy higher than basal concentrations 
in humans (3 to 6 ^unol/L).^'^ In an early phase I study of 
PN401 and 5-FU, PN401, given in 6-g doses every 6 hours 
for a total of 10 doses begiiming 24 hours after treatment 
with 5*FU, enabled safe administration of 5-FU in the form 
of rapid IV infusion at doses as high as 8(X) mg/mVwk for 
6 wedcs, which was the recommended dose for phase II 
studies.'^ Plasma uridine concentrations exceeded 50 
^ol/L during PN401 treatment in that study. 

In the current study, we sought to optimize the biochem- 
istry-modulating potential of PN401 by inuoducing two 
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principal modifications in the PN401 dose schedule that was 
investigated in the early phase I study.*^ First, on the basis 
of the results of preclinical studies indicating that high doses 
of 5-FU are better tolerated and more efficacious when the 
interval between 5'FU and PN401 administration is shorter 
than 24 hours, the current study was designed so that 
treatment with PN401 commenced 8 hours after 5-FU 
administration. The second modification was the use of an 
8-hour interval between doses of PN401 (schedule 1); in the 
earlier phase I study, plasma uridine concentrations ex- 
ceeded 50 /unol/L for more than 6 hours after a 6-g dose. In 
the cuirent study, the interval was subsequently teduced to 
2 hours for the first three doses and 6 hours thereafter 
(schedule 2} to enhance the protective effecu of PN401 
after DLT consistently occurred in patients treated widi 
5-FU and on FN401 dose schedule 1." 

The results of this study demonstrate that PN40i protects 
against the principal toxic effects of 5-FU, confirming the 
results of the earlier phase I study.'^ In contrast to uridine, 
PN401 was well tolerated. In fact, the qualitative and 
ten^ral natures of the toxicities of the 5-FU-PN401 
legimens indicate that PN401. itself, does not induce clin- 
ically significant toxicity. The toxicities of the 5-FU~FN401 
regin^ns evaluated in the present study were qualitatively 
similar to those associated with 5-FU alone on a weekly 
schedule, with myelosuppression predominating.'*^ The 
principal DLT was severe (grade 4) neutropenia that was 
protracted (> 5 days). Sevete neutropenia consistently 
occurred in patients treated with 5-FU doses exceeding 
1,(XX) mg/mVwk and on PN401 dose schedule 1 and in 
patients treated with 5-FU doses exceeding 1 ,250 mg/m^Avk 
and on PN401 dose schedule 2. Severe nonhematologic 
effects were uncommon, even wh^ relatively high doses of 
5-FU were administered weekly for 6 weeks. Overall, the 
safe administration of 5-FU on a weekly schedule in the 
dosing range of I, OCX) to 1,250 mg/mVwk, which is at least 
two-fold higher than the MTD of 5-FU without biochemical 
modulation, substantiates tike potent modulating cs|»bilities 
of PN40r''^ '^ However, considering the relatively low 
number of patients treated at (be MTD of 5-FU and PN401 
on this study and the unpredictable and sometimes over- 
whelming toxicities of 5-E^ in the individual patients, 
fiirtiier studies are required to elucidate fiilly the safety and 
tolerability of this combination. 

The potential (rf" PN401 to protect against tiie toxicities of 
5-FU, as well as the dose- and scfaedule^ependent nature of 
these effects, was further denK>nstrated as the PN401 dose 
schedule was intensified. With the more intensive PN401 
dose schedule (schedule 2), plasoui uridine concentrations 
progressively increased after each successive dose of 
PN401 given at 2-hour intervals, and plasma uridine con- 



centrations were sustained above 100 ^mol/L for most of 
the PN401 treatment period in most patients. This more 
intensive schedule permitted 5-FU doses to be increased by 
an additional 25% ova the MTD established for 5-FU and 
PN401 on schedule 1. In addition, tiie highest safest dose of 
5-FU achieved in the cunent study with PN40I rescue 
initiated 8 hours after 5-FU was 56% higher than the highest 
safest 5-FU dose achieved in the earlier study in which there 
was a 24-hour treatment interval.'^ Although the pharma- 
cokineticfi of 5-FU were not assessed in patients treated with 
5-FU and PN401 on schedule I, the nonlinear pharmacoki- 
netics of 5-FU, as demonstrated in patients receiving 5-FU 
arKi PN401 on schedule 2 and in patients treated witi) 5-FU 
without biochemical modulation, indicate that the two-fold 
increase in the MTD of 5-FU due to FS40\ itself, and the 
additional 25% increase afforded by the more intensive 
t^40 1 dose schedule, resulted in a disproportionally greater 
increase in 5-FU exposiue. At the recommended i^iase 0 
dosage of 5-FU, 1,250 mg/mVwk and the intensified PN401 
dose schedule, 5-FU AUCs were approximately five-fold 
higher than diose achieved without biochemical modula- 
tion. '^^^ Although the results of preclinical studies suggest 
tiiat the inhibition of thymidylate synthase by FdUMP is 
saturated in the range of drug exposure achieved with 
conventional 5-FU dose schedules without biochemical 
n)odulati(Hi, ti)e magnitude of 5-FU-induced cytotoxicity 
due to the incorporaticm of tiK 5-FU anabolite, FUTP, into 
RNA in vitro may iK>t be saturated,^ and this potentially 
important mechanism of cytotoxicity might not be taken full 
advantage of in standard dose-sdiedules. 

Although the PN401 dose schedules used in die current 
study were selected to simulate closely those that were 
efficacious in preclinical sttidies in animals, stiU unknown is 
the optimal timing of PN401 or uridine treatment relative to 
administration of 5-FU to protect normal tissues maximally 
with<Hit i»oCecting tnalignant tissue. It is of some concern 
that antitumor activity was not observed in the current 
study, de^ite the preponderance of patients with gastroin- 
testinal malignancies. However, the disease of most of these 
patients had been demonstrated to be refractory to 5-FU 
treatment with progressive tumor growth occuning during 
prior treatmcnL The 8-bour interval between treatment with 
5-FU and PN401 in this study derived from findings of 
studies in murine colon 26 tumors. In these studies, the 
MTD of 5-FU given weekly for 3 weeks was 100 mg/kg, 
which inhibited the growth of 60% of tumors, but tiiere were 
no complete tumor regressions.'^ However, treatment with 
oral PN401 2 hotirs after 5-FU admiiustratioa resuhed in an 
MTD for 5-FU of 2J0O mg/kg aiKi a high incidence of 
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complete tumor regression. On the other hand» the MTD 
was 150 mg/kg when treatment with PN401 was initiated 24 
houre after 5-FU administration; antituinor activity was 
superior to that observed with treatmciu with 5-FU alone, 
but complete tumor regressioas were not observed.'^ These 
results support the use of shorter treatment intervals be- 
tween S-FU and PN401, such as the 8-hour interval used in 
the current study. However, the optimal timing between 
administration of 5-FU and that of PN401 is not known, and 
further evaluations are required to elucidate this seemingly 
important facet of 5-FU-PN40I administration. 

In addition, aldiough the use of PN401 and other uridine 
analogs for the sole purpose of increasing doses of 5-FU 
may not be appropriate, because the superiority of high 
doses of 5-FU (1,000 to 1250 mg/m^/wk) over conventional 
doses without rescue (500 to 600 mg/m^/wk) has not been 
firmly established in randomized trials, the principal utility 
of uridine-based rescue may be prevention or amelioration 
of the toxic effects of 5-FU in conventional-dose regimens, 
as well as conferring of tolerance to patients who cannot 
tdcrate c<Hiventional 5*FU doses and would otherwise 
require dose reduction. The utility of PN401 in this regard 
is further supported by the results of studies indicating that 
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lower doses of 5-FU (appoxinuitely 300 mg/mVwk) are 
inferior to conventional doses in patients with advanced 
colorectal cancer.^** 

In summary, the results of this study demonstrate that 
PN40I treatment consistently results in plasma uridine 
concentrations exceeding those capable of modulating the 
actions of 5-FU. It is also clear, that the uridine exposure 
resulting from PN401 greatly protects normal tissues from 
the toxic effects of 5-FU, as demonstrated by the tolerance 
of 5-FU doses as hi^ as 1,250 mg/m^ on a weekly 
schedule^ a level that is approximately two-fold higher than 
maximally tolerated 5-FU doses without biochemical mod- 
ulation. Because of the nonlinearity of 5-FU pharmacoki- 
netics, this modest increase in the MTD of 5-FU was 
associated with a five-fold increase in 5-FU exposure (ie, 
AUG). However, considering the relative low number of 
patients treated at the recommended phase II dose of 5-E^ 
and PN401 on this schedule, further smdies are needed to 
evaluate fully the safety and tolerability of this regimen. In 
addition, disease-directed randomized clinical trials must be 
performed to assess whether biochemical noodulaticm with 
' FN401 enhances the therapeutic indices of 5-FU in relevant 
disease settings. 
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Phase I Trial of PN401, an Oral Prodrug of Uridine, to 
Prevent Toxicity From Fluorouracil in Patients 

With Advanced Cancer 

By David P. Kelsen, Dan Martin, James O'Neil, Gary Schwartz, Leonard Saltz, Michael T. Sung, Reid von Borstel, 



Purpose : We performed a phase I sfudy to determine 
the appropriate dose of PN40 1 , a uridine (URD) prodrug, 
to use as a rescue agent for fluorouracil (FU) and then to 
determine the moximum-toleroted dose (MTD) of FU 
when given with PN401. 

Patients and Methods : Patients with advanced cancer 
received orot PN401 as cither a suspension or a tablet 
in escalating doses. A pharmacokinetic onalysis was per- 
formed to determine which dose best achieved a target 
value of sustained levels of URD 2r 50 /xmol/L. In the first 
phase of the study, all patients received a fixed dose of 
FU 600 mg/m^ as a rapid intravenous bolus followed 
by 10 doses of PN401 given at 6-hour intervals. PN401 
therapy commenced 24 hours after FU. After determina- 
tion of the appropriate dose of PN401, a second group 
of patients received escalating doses of FU with a fixed 
dose of PN401. 

Results : Thirty-eight patients with advonced cancer 
received PN401 and FU. Pharmacokinetic analysis indi- 
cated that either 6.6 g of PN40T as on orol suspension 
or 6 g given in tablet form resulted in high bioovaitability 

FLUOROURACIL (FU) remains an important agent 
in the treatment of malignancy, both for adjuvant 
therapy of breast and colorectal cancers and in the pallia- 
tive treatment of a variety of malignancies. Its mechanism 
of action has been extensively studied.' FU inhibits thy- 
midylate synthetase via its anabolite fluorodeoxy uridine 
monophosphate, and also causes cell death via incorpora- 
tion of fluorouridinc into RNA. The major dose-limiting 
toxicities of FU are myelosuppression. mucositis, and, 
by damaging the gastrointestinal mucosa, diarrhea. These 
toxicities, which result in a low therapeutic index, may 
limit the clinical usefulness of FU. 

One approach to improve the therapeutic index of FU 
is to decrease toxicity by using protective agents. Previous 
studies have demonstrated that, when given following FU 
administration, uridine (URD) can ameliorate toxicity, 
presumably by competing with FU anabolitcs before in- 
corporation into cellular RNA of normal tissue, before 
the occurrence of irreversible ceil damage. This rescue 
strategy has been extensively studied in animal mod- 
els.*'' The therapeutic index of FU was increased allowing 
administration of higher doses of FU, which caused re- 
gression of tumors in the animal while protecting normal 
tissues. Preliminary clinical trials have indicaied that FU 
toxicity can also be ameliorated in the human usins either 
intermittent intravenous infusion of URD or. more re- 



of URO, with sustained plasma concentrations greater 
than 50 /imol/L In the second phase of the study, FU 
doses were escalated from 600 to 1,000 mg/m*. FU wos 
given as a rapid introvenous bolus weekly for 6 weeks 
with a 2'week rest. The MTD of FU given in this fashion 
with PN401 rescue was 1 ,000 mg/m^, at which level two 
of six patients had neutropenic fever. FU at doses of 800 
mg/m^ for 6 weeks was well tolerated without signifi- 
cant toxicity when given with PN401 rescue. 

Conclusion : Oral PN401 is well toleroted and total 
doses of 6 g every 6 hours yield sustained levels of URD 
in the target range of 50 /xmol/L. The MTD of FU with 
PN401 rescue is 1,000 mg/m' and the recommended 
dose for phase II trials is 800 mg/m^ given weekly for 6 
weeks with dose escalation. Further studies to define bet- 
ter the oppropriote interval for PN401 rescue and the 
appropriate dose of FU when given with biochemical 
modulation, such as with leucovorin, are indicated. 

J Clin Oncol 15:1511-^517. (^:> 1 997 by American So- 
ciety of Clinical Oncology. 

cently, oral doses of the same agent.* '* However, the use 
of high-dose URD is technically cumbersome. Intrave- 
nous URD administration requires the use of a central 
venous catheter to avoid phlebitis. Oral URD is poorly 
absorbed and requires large amounts of the agent, which 
results in dosc-limiting diarrhea. In two trials performed 
at Memorial Sloan- Kettering Cancer Center (MSKCC) 
that used oral URD, FU was given with PALA (PALA- 
FU) or with methotrexate and doxorubicin (FAMTX regi- 
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TabJe I. Patient Ckarocteristics 



Enfered 


38 


Assessable 


38 


Male: female 


18:20 


Age, yeors 




Median 


58 
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37-73 


Karnofsky performonce sFotus 




Median 


80 


Ronge 


70-90 


No. of prior cKemotfieropy regimens 


31 


PfiriKiry site 




Pancreas 


22 


Adenocarcinoma, unknown primary 


n 


&ite duct 


2 


Appendix 


1 


Gastric 


1 


Sorcomo 


1 



men).*'*'* There was a marked reduction in the incidence 
of mucositis, as well as a subsiamial decrease in myelo- 
suppression. These trials also suggested that the timing 
of administration of URD was crucial; giving URD soon 
(2 hours) after FU appeared to also decrease the antineo- 
plastic effect. 

Prodrugs of URD that might allow for a more efficient 
delivery of the active compound have also been studied. 
PN40I is an acetylated prodrug of URD that is more 
lipophilic and thus allows increased transport across the 
gastrointestinal mucosa into the systemic circulation. In 
preclinical studies, oral PN40I resulted in eightfold 
higher systemic URD concentrations than did an equimo- 
lar oral dose of URD itself (D. Martin, unpublished obser- 
vations). PN40J when given to mice after FU markedly 
decreased the myclosuppression of FU; the therap>eutic 
index in tumor-bearing mice was improved (D. Martin, 
unpublished observations). These preclinical and clinical 
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studies suggested that plasma URD levels s 50 fj.mo\/L 
may be necessary to protect against FU toxicity; in hu- 
mans, the normal plasma URD concentration is 3 to 6 
//mol/L. 

We designed a phase I clinical trial, first to determine 
the appropriate dose of PN401 to use with a fixed dose 
of FU and, second, to determine the MTD of FU when 
given with PN40I rescue. 

PATIENTS AND METHODS 

PN401 (Pro-Ncuroii, Inc. Rock vi lie, MD) was studied in two prep- 
anitions. Iniiially, the drug was supplied as a powder, which was 
reconstituted in 45 inL of cherry syrup. Each vial coniaincd 3.3 g 
of PN40I in powder form. Cohorts of ihrcc lo six patients received 
PN40I ai doses of 3.3. 6.6. or 9.9 g. A fixed dose of FU 600 mg/ 
m* was given as a rapid inu^dvcnous bolus injection. Each cycle of 
FU was given weekly for 6 weeks followed by a 2'Week rest period. 
PN401 rescue was started 24 hours following each FU treatment. 
One dose of PN40I (a total of 45. 90. or 135 mL of solution) was 
given every 6 hours for 10 doses. A phannacokinciic analysis was 
performed after the first and ninth doses of PN40I. After the first 
pha.se of the study was coniplcie. ic. the appropriate dose of PN40I 
was established on the basis of a pharmacokinetic analysis (sec 
below), the .second phase to detcmtinc the MTD of FU with PN401 
rescue began. 

PN40I was later provided in a more palatable tablet form. Each 
tablet contained 750 mg of PN40I . A dose of 6 g (eight tablets) was 
given every 6 hours for 10 doses in place of ilie liquid suspension. 
Pharmacokinetic evaluation was repeated with the tablet fonn to 
ensure that adequate URD plasma concentrations were obtained. 

Following identification of the appropriate PN40I dose, escaiaiing 
doses of FU were studied as follows: three to six patients were 
treated at each do.se level. FU 700, 800. or 1 ,000 mg/m^ was given 
as a rapid intravenou.s bolus weekJy for 6 weeks with a 2-week rest. 
The MTD was defined as tJie dose of FU that caused grade 3 or 
greater toxicity in at least two of six patients. Toxicity was evaluated 
using the National Cancer Institute common toxicity criteria. The 
appropriate level of PN40I determined before dose escalation was 
that dose of PN40I that resulted in a su.stained URD plasma concen- 
tration i 50 /imol/L. 



Tabte 2. URD Sysremic Exposure (fnaen ± SO) rottowing PN401 Suspension Oosogc 

<9) Pofivfit No. iumct/L) (Houn) (pmpl/l • h ) Unwl/U (;/mo(/L) {pn^)/l) 

Dose 1 

3.3 3 91.2 ± 31.3 20 = 0.0 348.0 ±7^.1 

A.6 3 1 17.7 i 3.2 30 r 1.0 472.7 z 16.5 

9.9 3 204.5 i 3.7 20 -1.0 791.0 * 65.A 

Oo&e 9 

3-3 4 108.4 r 25.1 37.3 - 13.8 70.4 = 9.6 
3 161.4 -12.3 50.8 -14.0 112.1 r 3.3 
^ 292. 7 * 89.1 53.1 - 7.9 162.5 r 29.6 

Abbreviatlofii. C,, moximum observed plasmo concentration; T^., lime fo C„,; AUCq-a. oreo under the URD plosma concentration-fime curve from 
0 to 6 Hours (esMmaled using the lineor fropazoidol rule between consecutive plosmo concentrotionj); C.,, average xtoody-stote tJRD concentrations = 
AUCc-ft/dosing interval. 

•Three subfects treated, fwo oxsessable. 
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Table 3. URD Systemic Exposure (mean ± SD) Following o 6.0-g PN401 Tablet Dosage Given Every 6 Hours to Seven Patients 

DoMj 9 

DoiB I |fi«<j^-»tofc] 



Averoge C-^ Average f.^ AUCo* Averoge Peak Average TiovgK C„ 

itimol/l) jhoonl (prnioi/l-hl l*i»nol/L| t*.f«ol/U (ai«»oI/U 

167.6*36.9 1.8 r 1.0 611.3:1 122.1 201.0 r 50.5 67.1 r 19.1 127.9*20.4 



Phannacokiiietic Methods 

Plasma URD cnnccntratioii data were analyzed usine nuncoinpart- 
mental pliami:icokinciic mcihtxJs. The jjrea under ihc pUsnu URD 
concentniiion-lime curve (AUC). a mea.';urc of extent of absorption, 
was e.stimated by the lineai* irapczoidal rule. Due lo a limited number 
of time points during the absorption phase, absorption kinetics were 
not evaluated. Tlie elimination rate con.siant (k^.) was estimated using 
linear le;ist-squares fitting of the logarithm of the concentration.s 
over the terminal phase of elimination versus lime after dose L The 
maximunf-obscrved phisina concentration (C,,^,. ) and the lime Co 
peak concentration (T,,.^, ) were obtained directly from the data with- 
out itucr}jolatjon. 

The prediction of plasma concentrations of URD following multi- 
ple dosing of PN40I used the principle of superposition, a method 
that makes no assumprions regarding a pharmacokinetic model or 
nb.<orption kinetics. Ttiis mefhod assumes (hat each dose of PN401 
behaves independently of every other dose, that absorption, convcr- 
.^ion to URD. and sy.';teinic clearance of URD are uniform for all 
dosing intervals, and that linear pharmacokinetics apply. This 
method also requires complete characterization of the URD plasma 
concentration-time profile after the initial dose. To estimate the con- 
centration of URD after a 6-hour time point, an average of 0.347 
h"' was used, which corresponds to an average plasma half-life of 
2 hours. For prediction of plasma concentrations-time profiles for 
dose 2 through dose 9, the plasma concentration-lime profile for 
dose 1 was overlaid on itself for each subsequent dosing interval and 
concentrations at each time were added across doses. The resultant 
profiles displayed in the figures arc plotted with the observed plasma 
concentrations measured after dose I and dose 9 for comparative 
purposes. 

Sampling for pharmacokinetic evaluation was performed after the 
first and ninth doses of PN40I. Blood samples were drawn at 0, 0.5. 
1. 2. 3, and 6 hours. Blood was collected in heparinized tubes and 
cenlrifuged, and the supernatant plasma frozen at -70 to -90^C for 
subsequent assay. Plasma concentrations of URD and uracil were 
determined using a reverse-phase high performance liquid chroma- 
tography (HPLC) method (HPLC system with Spectra-physics Iso- 
chrome pump. SP8490 variable-wavelength UV detector, Hitachi 
AS4000 autoinjector). For the tablet dosage form, plasma concentra- 
tions of URD and uracil were calculated using inosine as an internal 
standard. The minimum quantifiable limit was 2 /xmol/L for URD 
and 0.4 ^moI/L for uracil. Pharmacokinetic evaluation of PN401 
was performed in nine patients who received the oral suspension 
and in bcven p:itients who received tablets. 

Patients with advanced cancer who met the following eligibility 
criteria were studied. All patients had a Karnofsky pertbrmance 
status 2= 60'7c. WBC count a 4.000/;;L, and platelet count a 
I5U,000/;iL. and adequate hepatic and renal function (serum biliru- 
bin level ^ 1.5 ing/dL and creatinine concentration £ i.5 mg/dL). 
Patients may have received prior FU therapy, hut could not have 



malnb.sorption .syndrome or any other condition that might interfere 
with intestinal ab.forption. Signed informed consent was obtained 
from all patients before study entry. Pretrcain)cnt evaluation included 
n complete hi.story and physical exacnination, evaluation of mea.sur- 
nble dtsca.se if prcseiii. and pretrcatment laboratory studies, including 
a complete blood cell (CBC) count and platelet count, biochemical 
screening profile, carcinoembryunic antigen (CEA) determination if 
appropriate, and chest x-ray. Imaging studies, including abdominal 
computed tomographic scans, were performed if indicated. During 
the study, an interval history and physical examination and CBC 
count were pcrfonncd weekly. A screening profile was performed 
on a monthly ba.sis. Evaluation of antitumor effect by radiographic 
studies, phy.sical examination, or blood markers (CEA) was per- 
formed every 8 weeks. 

RESULTS 

A total of 38 patients with advanced malignancies were 
treated with PN40I and FU. Patient characteristics are 
listed in Table 1 . As can be seen, slightly more than half 
the patients had adenocarci noma of the pancreas. Xhe 
majority of patients had not received prior treatment. 

Plasma URD concentrations following PN401 

Table 2 lists the pharmacokinetic parameter estimates 
following administration of FN401 in suspension at three 
different dose levels. Three patients at each level had 
adequate URD concentrations to allow detailed pharma- 
cokinetic evaluation. Increasing URD concentrations 
were noted as dose levels increased. The mean trough 
value was the lowest URD plasma concentration found 
in blood samples drawn at dose 9, ie, 54 hours after 
initiation of therapy. When 3.3 g of PN401 was given, 
the average trough value was 37.3 /zmol/L. With 6.6 g. 
the average trough value was 50.8 /imoI/L. When 6.65 
resulted in sustained URD concentrations a 50 /xmoI/L» 
and myelosuppression was seen with 3.3 g of PN40I was 
ameliorated with 6.6 g, we chose 6.6 g for further study 
(see later). Table 3 lists URD plasma concentrations fol- 
lowing 6 g of PN40I when given in tablet form every 6 
hours. A total of seven patients had adequate plasma URD 
concentration data to allow pharmacokinetic evaluation. 
As can be seen, the average Cf„a.x was 167 /imol/L, which 
is well above the 117.7-pmo!/L concentrations seen with 
the liquid preparation at 6.6 g. The average trough value 
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Fig 1 . Observed and predicted plasma URD concentrations follow- 
ing single ond multiple suipenston doses of PN40I (3.3 g every 6 
hours}. 
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Fig 3. Observed and predicted plasma URD concentrations follow- 
ing single and multiple suspension doses of PN401 (9.9 g every 6 
hours). 
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with the tablet fonn was also higher (67.1 v 50.8 /zmol/ 
L) than that seen with the liquid preparation. 

Observed and predicted plasma URD concentrations 
after single and multiple doses of the liquid suspension 
of PN401 at 3.35 and 6.6 g are shown in Figs I and 2. 
The actual measured concentrations closely approximate 
the predicted concentrations; sustained values greater than 
50 /imol/L are obtained for 6.65. Figure 3 shows similar 
data for 9.95 liquid suspension. Figure 4 shows measured 
and predicted plasma URD concentrations when 6 g of 
PN40I was given in tablet form for 10 doses every 6 
hours. Again, sustained levels greater than 50 ;/mol/L 
were obtained and the observed and the predicted curves 
are superimposable. 

In summary, PN40I given at 6.6 g as a liquid suspen- 
sion or as 6 g in tablet form at 6-hour intervals for 10 
doses allows sustained plasma URD concentrations 
greater than 50 p.mol/L. 



Ta.vicit)* 

PN40I was well tolerated either as liquid suspension 
or in tablet form. The major patient complaint with the 
liquid preparation was taste, which, while acceptable, 
caused mild nausea in some patients. No dianhea greater 
than grade 2 was observed with PN40I alone or with 
PN40I plus FU (see later). With the tablet preparation, 
taste was not an issue. With the liquid preparation, be- 
cause each vial only contained 3.3 g of PN401, the vol- 
ume of cherry syrup preparation required at 6.6 or 9.9 g 
was the major patient complaint. 

FU Toxicity With PN40I Rescue 

Table 4 lists hematologic toxicities seen by dose level 
expressed as median WBC count, platelet count, and he- 
moglobin nadir. Dose-Iimiting toxicity was seen at 1,000 
mg/m^. Myelosuppression resulted in admissions for neu- 
tropenic fever in two of six patients. Grade ^ 3 neutro- 
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Fig 2. Observed and predicted plasma URD concentrations follow- 
ing single and multiple suspension doses of PN40 1 (6.6 g every 6 
hours). 
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Fig 4. Observed and predicted plosma URD concentrations follow- 
ing single and mulfipte tobler doses of PN401 (6.0 g every 6 hours). 
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Toble 4. HemofoJogic Tojiiciry hy FU Level 
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penia with neutropenic fever was seen in only one of 16 
patients treated with either suspension or tablet form of 
PN40 1 at 800 FU mg/m-. At 800 mg/m- of FU, seven 
patients received PN401 3.3 g every 6 houi-s. The median 
VVBC nadir was 3 A X 10' celis/mm'' (range. 1.4 to 6.4) 
and the median absolute neutrophil count (ANC) nadir 
was 1.1 X 10* cells/mm ' (range, O.i to 4.2). We therefore 
treated a second cohort of patients, who received FU 800 
mg/m- with 6.6 g of PN40I every 6 hours. For these six 
patients, the median VVBC nadir was 5.0 (range, 2.3 to 
8.0) and the median ANC was 2.1 (range, I.l to 3.6). 
Since 6.6 g of PN40I gave sustained URD concentrations 
greater than 50 ^mol/L and seemed better able to amelio- 
rate myelosuppression, we continued the study with this 
dose of PiV401. Additional patients received 1 g/m^ of 
FU. At this level, dose-limiting myelosuppression was 
seen in two of six patients. Thus, the MTD was 1,000 
mg/m\ Nonhemaiologic toxicities are listed in Table 5. 
Mucositis and diarrhea, the usual nonhematologic dose- 
hmiting toxicities of FU, were rare. Similarly, no evi- 
dence of neurologic toxicity, such as cerebellar ataxia, 
was noted. 

No chronic toxicity from administration of PN401 was 
noted and there was no increasing toxicity with FU seen 
over time. This is to say the protective effect of PN40I 
at a given dose level was maintained during the period 
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that FU was given to the patient. Eleven patients were 
admitted for a variety of reasons during this study. As 
previously noted, neutropenic fever clearly related to che- 
motherapy was responsible for three patients being admit- 
ted to the hospital. The other admissions were felt most 
likely to be due to tumor-related causes, rather than to 
treatment. 

Tumor Response 

As noted earlier, the majority of patients in this study 
had pancreatic carcinoma. One major response was seen, 
which was fairiy durable (J2 months). No other major 
respon.ses occuned among patients with pancreatic carci- 
noma. Many patients did not have measurable or assess- 
able disease and therefore it was not possible to assess 
objective response. 

DISCUSSION 

FU remains an important agent in the treatment of a 
variety of solid tumors, particularly in the adjuvant set- 
ting. While active new agents of other classes have been 
identified in the treatment of both breast tumors (pacli- 
taxel) and more recently in colorectal tumors (irinotecan 
and tomudex), FU remains an integral component of ther- 
apy for breast cancer in the cyclophosphamide, doxorubi- 
cin, and FU (CAF) or cyclophosphamide, methotrexate, 
and FU (CMF) adjuvant regimens and of colorectal can- 
cer both in the adjuvant setting and for advanced-disease 
patients. From phase I and fl trials performed primarily 
in the 1970s, the MTD of FU as a single drug is 500 to 
600 mg/mVwk for 6 weeks. Higher doses have occasion- 
ally been used. Fraile et al'^ treated five patients with one 
dose of 600 to 900 mg/m" of FU as a rapid intravenous 
injection- The study, which was primarily a pharmacoki- 
netics analysis, noted that three of five patients developed 
leukopenia after a single treatment with high-dose FU. 

Previous studies have demonstrated that URD can ame- 
liorate the hematologic and nonhemaiologic toxicities of 
FU when given either intravenously or orally. Dose-esca- 
lation trials of biochemically modulated FU with oral 
URD have been performed at MSKCC. fn these studies, 
a substantial increase in the delivered dose of FU in the 
FAMTX regimen was achieved.'' 

Similarly, Seiier el al" demonstrated that using oral 
URD, high weekly doses of PALA-modulaied FU could 
be given (the MTD of FU was 1,100 mg/mVwk for six 
doses). However, in both of these studies, the large num- 
ber of URD tablets required was poorly tolerated. 

In the current trial, we have demonstrated that PN401 
is well tolerated and has a superior URD bioavailability 
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to URD tablets. When given 24 hours tollowins adminis- 
tration of FU. PN40I almost completely blocks the non- 
hemaiologic toxicities of mucositis and diarrhea. Dose 
escalation of up to 1,000 mg/m'/wk could be achieved. 

Because FU clearance is reduced at hielier doses due 
to saturation of its degradative enzymes and excretory 
pathways, the AUC of FU ai LOOO nig/m" is actually 
threefold to fourfold higher than that of the normal FU 
dose of 600 mg/m*,'^ FU cyioioxicity via RNA-dirccted 
mechanisms in vitro appears to be a function of the con- 
centration-lime product of FU exposure, which is equiva- 
lent to the AUC in vivo. The improvement in antitumor 
efficacy obtained by FU dose escalation followed by URD 
rescue has been attributed to a net increase in FU incorpo- 
ration into tumor RNA.^ Thus, lower doses of FU alone 
in mice and humans may be insufficient to exploit the 
potential antitumor efficacy of RNA-directed cytotoxicity 
in addition to that due to inhibition by FdUMP of ihyini- 
dylaie synthase, a mechanism that is saturated at relatively 
low doses of FU. 

Several crucial questions remain unanswered. What is 
the optimal timing of PN40I to avoid re.scue of tumor, 
but to allow protection of normal tissues? A 24-hour 
interval was chosen in this study on the basis of our data 
from the FAMTX URD trial.'- In that study, we initially 
began URD rescue 2 hours after administration of rapid 
intravenous bolus FU. We noted that although there was 
protection from toxicity, no responses were seen using a 
regimen that ordinarily induces remissions in approxi- 
mately 30% of patients with gastric cancer. We hypothe- 
sized that URD given 2 hours after FU might also rescue 
tumor, as well as normal tissue. When we increased the 
interval between FU administration and URD rescue to 
24 hours, major objective regressions were seen in pa- 
tients with measurable disease (similar to those expected 
from FAMTX without URD). but with substantially less 
toxicity. Particularly striking was the experience in a sin- 
gle patient who had no response after receiving FAMTX 
with URD rescue 2 hours after administration of FU, but 
who had a complete clinical remission when the interval 
between FU and URD was extended to 24 hours. This 
patient, with advanced gastric cancer, received three cy- 
cles of FAMTX therapy with URD given 2 hours after 
treatment with FU. There was no objective response after 
2 % months of treatment. On her fouiih cycle (2 weeks 
after evaluation showed stable disease), the interval be- 
tween FU (modulated by methotrexate in the FAMTX 
regimen) and URD was increased to 24 hours. A complete 



clinical remission was documented by repeat computed 
tomographic scan and repeat endoscopy. The patient re- 
mained in complete remission for 7 months. However, 
the decision to treat at 24 hours was made empirically. 
D. Martin (unpublished observations) has extensively 
studied PN40I and URD rescue of FU toxicity in an 
animal model. In preclinical studies with advanced colon 
26 murine colon carcinoma, the MTD of FU on a wcekly- 
limes-three schedule is 100 mg/kg, which results in a 
60% inhibition of tumor growth and no regressions. Oral 
PN40I administered 2 hours after FU permits dose escala- 
tion to 200 mg/kg of FU, which resulted in a high inci- 
dence of durable complete regressions. Initiation of 
PN401 administration 24 hours after FU resulted in an 
MTD for FU of approximately 150 mg/kg, which was 
not sufficient to produce tumor regression, although the 
tumor growth inhibition was better than that produced by 
FU alone at 100 mg/kg. Further studies are needed in 
humans to determine the liming of PN401 administration 
relative to FU that results in an optimum balance between 
FU dose-intensity and retention of selectivity of rescue 
for normal tissues, but not tumors. It is possible that 
initiation of PN401 rescue greater than 2 hours but less 
than 24 hours after FU will allow further dose escalation 
of FU while preserving antineoplastic activity. In addi- 
tion, the predicted steady-state plasma concentration data 
for multiple doses of PN401 would support extending the 
dosing interval to 8 hours in future clinical trials. 

The duration of PN401 therapy was also decided em- 
pirically. FU has a short plasma half-life. It is possible 
that rescue is required for a period less than 60 houn. 
Future trials should explore differences in the duration of 
PN401 rescue. 

In summary, PN401 rescues FU hematologic and non- 
hematologic toxicities and allows the use of substantially 
higher doses of FU on a weekly schedule. Phase I/I! trials 
using FU at a starting dose of 800 mg/m' with PN40I 6 
g orally for 10 doses at 6-hour intervals beginning 24 
hours after initiation of FU in FU-sensitive tumors such 
as colorectal cancer are appropriate. Additional studies 
to identify the appropriate dose of FU to use with bio- 
chemical modulation (such as leucovorin or PALA and 
methotrexate) are al.so indicated. Since modulating agents 
such as leucovorin almost invariably require dose attenua- 
tion of FU to prevent unacceptable toxicity, it is possible 
that PN401 may allow higher doses of FU to be given, 
while still allowing biochemical modulation to be per- 
formed. 
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